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ABSTRACT

SPATIAL AND TEMPORAL TRENDS OF SOIL MOISTURE IN THEREAT LAKES
REGION OF THE USA, 1900-2008

By
Aaron Micah Pollyea

Soil moisture is a key integrative variable in mat@and managed ecosystems,
dependent on a location’s climate, vegetative caaf type, topography, and other
factors. A study of spatial and temporal variationsoil moisture in the Great Lakes
region of the USA was undertaken to better undedsthe impacts of varying land cover
and soil types as well as variations in climatal @oisture was simulated with the Soil
Water and Assessment Tool (SWAT) model for 30 deffie combinations of land cover
and soil types at 29 climate observation sitessactioe region for 1900-2008.

Significant increases in growing season soil mogstevels were found across much
of the region during the study period associatetl sdncurrent increases in
precipitation. Some distinct changes in seasonai@se also noted. The average date
during the spring season on which soil moisturetfelow field capacity is gradually
occurring up to 18 days earlier in the year overstudy period. Similarly, the dates at
which the minimum soil moisture occurred each wagason and the date of recharge of
soil moisture to field capacity late in the calengaar occurred up to 19 days earlier.

Collectively, the results suggest that soil moistand plant available water across the
region have increased with time with a correspogdiecrease in the risk of water-
related stress, which has important implicationgpfant-based agriculture and the

management of natural resources.
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INTRODUCTION

The Great Lakes region is an area dominated b lapgn bodies of water, large
agricultural areas due to its fertile soils, a widege of both man-made land covers such
as field crops and urban environments, as well@®matural land covers such as
heavily forested areas and open plains. This regemoriginally defined as the states of
lllinois, Indiana, lowa, Michigan, Minnesota, Ohennsylvania, and Wisconsin by the
United States Great Lakes Commission in 1955, thdlhg Canadian provinces of
Ontario and Quebec also sit on this commissiome are directly tied to the Great
Lakes and associated waterways. The Great Lakesmdmbasin is limited by the
Mississippi Drainage basin to the west and the @hanage basin to its south. This
basin contains the entire state of Michigan andatieas of the Great Lakes states closest
to the Lakes (Figure 28).

The climate of the region is influenced by long @esn the upper air flow and the
warm season polar jet stream. These meteorolofgiaires are caused by temperature
gradients in the west to east movement of the upipéRossby 1939). Variability in the
Great Lake regions climate can be attributed tgthgtion and strength of these long
waves and the jet stream. These same featureafédsd which sources of air move into
the region, be it warm moist air from the Gulf oékico, cool moist air from the
Canadian Rocky Mountains, or cool dry air from Huu8ay to the north or the Pacific
Northwest. As this region is far away from the GaflMexico, which is the source of

much of the atmospheric moisture east of the Rddsyntains, many of the states have



some of the lowest amounts of annual precipitaticthe United States, with Michigan
40th, Wisconsin 43rd, and Minnesota 47th out of&tbrt time-frame synoptic weather
events such as cyclones (low pressure systemsgyamhdnes (high pressure systems)
and short-waves (a feature that moves along avwmg) also impact the climate of the
region. Cyclones are very important to the annoatipitation totals in the study region
as they can contribute over half of the annualipi&tion totals. Mescoscale convective
systems also contribute a significant portion @&qggpitation to the region, about 10% of
the warm season totals. These events are large daaters of thunderstorms that can
last for several hours or more. The largest portibtihe annual precipitation totals occur
during the mid to late warm season, thus theseteVveve a large impact on the
precipitation — evapotranspiration deficit. (Andgrsand Winkler 2009)

The climate of the region is also directly influeddy the lakes. The lakes moderate
temperatures in both the warm and cool seasonsdimgwva more mild climate with less
extremes downwind of the lakes when compared tasagther west such as the
northern Great Plains and other continental clismal&is moderation is due to the delay
that the Lakes generally reach their maximum armdmum temperatures, generally 4 to
6 weeks after when the atmosphere reaches thasesv@ichenlaub et al. 1990). The
lakes also produce ‘Lake Effect’ snow during thelgeason when cool air moves across
the lakes and is warmed by the lake surface whgieks up more moisture. This
moisture is then deposited when the land surfaoksdbe air once again, mainly in the
regions downwind of Lake Michigan and Lake Supemdth an increase in snowfall of

between 25-30% (Changnon and Jones 1972). The d&d@produce changes in



atmospheric drag in the air moving across them.W\the air moves across the lake and
then impacts on the downwind shoreline there sdaction of the wind speed and could
possibly produce vertical motion that goes on twdpce lake effect clouds, most of them
occurring in the autumn and cold season when thiemas experiencing northwesterly
winds. All of these modifications can occur togethed produced enhanced results.
(Andresen and Winkler 2009)

The land covers of the region can be describedaaslyragricultural, with the land
surface area for corn, soybeans, and pasture @wiating for nearly 20%, 15%, and
10% respectively, adding up to slightly over 40%t&f land surface area when including
all agricultural products. This is followed by fsted areas, both evergreen and
deciduous forests, that account for over a quaftdre surface, and then by open/pasture
land with over 10% and finally urban areas withseldo 10%. The soils are just as
diverse. When looking at the soils that make upentban half of the land area in the
Great Lakes we see that over 20% of this areavisred by Sand, Sandy Loam, and Silty
Loam each. Loam soils make up slightly more th& 1@lay Loams about 4%, and
Silty Clay Loams make up only slightly more than.2%

The Great Lakes region is an important componentiohations agricultural output.
In 2007, the states of Indiana, lllinois, lowa, Kigan, Minnesota, New York, Ohio,
Pennsylvania, and Wisconsin combined produced @8% of the US production of
grain corn, 35% of the nation’s acreage of appthards, and over 87% of the nation’s
acreage of tart cherry orchards to give some exes(lSDA/NASS Census of

Agriculture 2007). Since evapotranspiration is tgethan the rate of precipitation during



the warm season, all of these agricultural proddetgend on plant available water
located in the soil. Georgakakos et al (1995) athyestated that soil moisture found in
the upper 2 meters of the soil column is the “priyraydrologic variable that controls
and is controlled by land surface processes.”

Lack of this soil moisture can lead to lower cro@lgs or total crop loss in severe
cases (Mishra and Cherkauer 2010). Drought, odéfieit of soil moisture caused by
evapotranspiration outweighing precipitation orredefined timescale, severity, and/or
spatial scale, can be one of the most devastaéihgal disasters in economic terms.
Sawyer (1964) said that almost half of the inconsaotar radiation during the summer in
mid-latitude regions goes directly into evapotraregn. The estimated loss for the
1988 drought alone was $40 billion (American Metéogical Society, 1997). With the
Great Lakes region being heavily dependent on algwie, the idea of drought and lack
of adequate soil moisture is one of the most ingrdrissues facing agricultural
production and the economy of the Great Lakes.

Shown below is an idealized soil moisture curve auld be typical for many
Northern Hemisphere locations including the Midwefsthe United States (Figure 1).
This simplified graph shows the reduction of maistun the soil column during the
spring due to increasing temperatures and incrgasatter use by a vegetative land cover
(ET, i.e. evapotranspiration). It also shows thehaege of moisture in the soil column
during the early fall to winter due to decreasiegetative water use and cooling

temperatures leading to lower ET. Finally, this gmalso shows a potential plant



moisture stress that is caused by a lack of whtdri$ easily accessible to a generic plant
at the surface. The basic concepts of this imafidwirevisited later in the paper.

Previous studies of Drought and Pluvial

First we must define plant available soil moistasat is defined differently than soll
moisture. Soil moisture is the total amount of watethe soil column. Rodriguez-Iturbe
and Porporato (2004) correctly state that soil toogsis “the center of the hydrologic
cycle”. This is in contrast to plant available soibisture which measures the moisture
that a plant can draw out of the soil column, whisdans that plant available soil
moisture is a lower total then the values giversbiy moisture. What this also means that
while there can be water in the soil column, a phaay not be able to utilize any of it

and will become water stressed due to a decredsanspiration.

During the 28q Century there have been many definitions of drofmghmany

different purposes and all using different techegjin an attempt to quantify the deficit
of precipitation compared to evapotranspiratiomdsberg (1982) summarized it well
when he said, “No universal definition of drougRists...one can say that drought is a
term generally restricted to land areas where donne of agriculture, horticulture or
silviculture is possible.” But still this doesn’deer many of the ways the term drought
has been used. Heim (2002) better summarizes dreatgygories into four types:
meteorological, hydrological, agricultural, and iseeconomic. What all of these drought
indices try and bring together is the idea thatawahtering the soil column, from above

as precipitation or from below as water returnirapf a shallow aquifer, has an impact



on the quality of the land or the quality of lareeuThe most direct way of describing
these impacts is through understanding or simgailant available water.

Rodriguez-Iturbe (2000) summed up soil moisturd wiken he said that one could
provide a “description of soil moisture at a pasta function of climate, soil, and
vegetation.” The attempt to describe drought orétiction of plant available soil
moisture due to differences between precipitatimh @vapotranspiration over a large
surface area and a large period of time is diffiaslthat none of these indices mentioned
previously can perform an adequate job of compasimgysite to another. Nor can an
adequate job attempting to describe an abundano®isture in the soil column.

Beven and Kirby (1979) were able to show that topplgy had a significant impact
on the scale at which soil moisture varies spati@bth in surface roughness and the
overall slope of the landscape. Topography was ¢ineaped with other variables such as
vegetation, soil texture and other soil charadiessEverything else was considered
atmospheric forcing, i.e. meteorology includinggypé&ation or melt water, temperature,
wind speed and relative humidity, evapotranspiratand finally incoming solar
radiation. These two groupings had different terapand spatial scales.

Rodriguez-Iturbe and Porporato (2004) said thaE"fteraction between water
balance and plants is responsible for some oftthddmental differences among various
biomes and for the developments of their space-iateerns.” Differences in soil
characteristics, even inside the same soil clasbegen inside the same field, can be

enough to impact soil moisture calculations. Defases in land cover, such as tree



density, tree albedo, and differing slopes alsolead to differences in soil moisture and
associated indices in the same stand of trees.

Plant available soil moisture, and soil moisturerayl, have a direct impact on many
climate variables including precipitation, temparat and relative humidity, and vice
versa. Rand (1982) determined that soil moisture imgoortant in forecasting summer
time temperatures and precipitation. A negativaaten from normal resulted in higher
temperatures in the early summer months and desstéhs amounts of precipitation.
Rowntree and Bolton (1983) also concluded in theidy of atmospheric responses to
soil moisture in Europe that soil moisture can hasggnificant impact on precipitation,
relative humidity and temperature in the area efrégion in question. Delworth and
Manabe (1988) came to similar conclusions when fbegd that soil moisture is
important in determining the variability of sumniene air temperatures. They also
showed that changes in soil moisture can direetig lto air temperature variation by
changing the proportion of energy transfer betwatsnt and sensible fluxes. Findell and
Eltahir (1997) found in their study of soil moistuieedback with precipitation that there
was a significant linear correlation between sailigation conditions and later
precipitation during the summer months. Pan e1@9%) also came to a similar
conclusion in a two year study. Georgakakos e129%) and Cayan and Georgakakos
(1995) found that there was a non-linear and cox@kationship between soil moisture
and both temperature and precipitation, i.e. evapgpiration.

Lettenmaier et al (1994) showed that when studsfiegHistorical Climate Network

observation sites from 1948 to 1988 that thereimagasing temperatures west of Lake



Michigan and increasing precipitation west of L&kee. They also found that the
increases in precipitation took place in the nonten months. Karl and Knight (1998)
came to the conclusion in their study stating, féases in total precipitation are strongly
affected by increases in both frequency and intgiagiheavy and extreme precipitation
events.” They also found that the frequency of ipieation has increased by over 6 days
per century. Groisman et al (2004) found that teed in precipitation showed an

increase of between 7% and 15% nationwide as well 4% to 20% increase in Heavy

(95th percentile) and Very Heavy (%oercentile) precipitation events. The increase in

these events can increase the amount of surfaeefirand change the water balance of a
soil column. This same paper showed that an eaieng thaw, of two to three weeks,
allowed snow cover and spring to have an earlisebrGiorgi (2000) and Groisman et al
(2004) found that there were significant warmirentts over North America and a
positive trend in precipitation.

These trends in precipitation can have signifiedfgcts on soil moisture not just due
to the increase in incoming water to the top ofdbkeimn, but also reducing the amount
of evapotranspiration that can occur due to loweoiming solar radiation. There is also a
non-linear relationship between precipitation andage runoff that is dependent on the
saturation of the soil column (Georgakakos et &5)9A large amount of rainfall can
produce very little flooding or surface run oftlife soil is well below field capacity, but
even a moderate amount of rainfall can have thesifgoutcome if the soil is near

saturation.



Plant available soil moisture is vitally importaatagriculture, Hollinger and Isard
(1994) stated this fact. But accurate measurenwérgsil moisture are difficult at both
the spatial and temporal scale to simulate dueitooeiimate, highly variable soils (all
with different water holding characteristics), dnghly variable land covers. These
highly variable soils and land covers are the printifficulty in any comparison of soil
moisture and how it is changing over time.

Previous studies with soil moisture and soil massimulation.

Of particular interest to this study is the papgDeLiberty and Legates (2003) in
which they determined if soil moisture could be sliaed with readily available data and
to determine soil moisture climatology in Oklahoosing SWAT (Soil Water
Assessment Tool). This is similar to this study, with a more limited geographical
range and different region than the Great Lakes gthte of Oklahoma) and a more
limited time scale (1960 to 1991). They also ugsetHic soil and land cover types at
each of their climate observation sites. In ordegg¢ographically represent their findings,
they used an inverse distance weighting methodtéwpolate their simulated data. The
results of their study found that there was a $icgmit impact on a year’s average soil
moisture when there was a drier autumn that hagvarlamount of recharge.

Along with Entinet al (2000), they examined the temporal scale at wbath
moisture anomalies occur. DeLiberty and Legateadauscale of 1.8 months in
Oklahoma and Entiet alfound a scale of approximately 1.5 to 2.0 monthl®wa and
2.0 to 2.3 months for lllinois. Narasimhan et @@3) used SWAT in their paper to

provide a simulation for six drainage basins ind®xThey found that SWAT worked



well for simulating stream flow and its simulateadl snoisture was well correlated with
NDVI, a satellite measured vegetation index usedktermine plant health.

In a paper on soil moisture in root-zone soil moist Jayawickreme et al (2008)
studied the interaction of land cover over différe@asons in East Lansing, MI. They
found that during the winter soil moisture movedvdwards in the soil column. During
the spring thaw soil conditions were stable or@asing in soil moisture content due to
snow melt, and in the grassland land cover, weoe aear field capacity. Using the VIC
(Variable Infiltration Capacity) model to generatal moisture, Sheffield and Wood
(2008) found that the central United States hackaging soil moisture on the order of
0.05% to 0.2% volume per year, and that these e@related significantly with
increasing trends in precipitation.

Objective questions to be answered

In this study, using individual climate observatgite data, there are multiple
subjects explored. The study will explore how fpiation is changing over the time
frame of 1900-2008 as well as spatially in the GLekes region. This study will then
examine how plant available soil moisture is chagdioth temporally and spatially over
the same study region using multiple generalizéld aad differing land covers. Then the
guestion of how the overall wetness of a year &ging over time along with if dry
conditions over the Great Lakes area are gettingdoand drier or shorter and wetter
will be answered. Finally, the temporal scale of smisture anomalies will also be

examined.
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This knowledge is of great importance as knowirggdterall trend of how soll
moisture is changing could affect the dates in Wiagricultural crops are planted and
possible water stress on those plants. Knowingmegitess on plants can also affect the
amount of irrigation that producers may need to Uibés is a vital piece of information
for the economics of agriculture due to increasedeareased water stress on the crop,

the frequency and amount of irrigation needed,thebngoing debate of water rights.
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METHODS

In general, comprehensive observations of soil tnmsare not available over
extended periods of time in the Great Lakes regtady area. For this study, a process-
based simulation model, the Soil Water Assessmeat (EWAT) was used to estimate
soil moisture in the top 150 cm of the soil profileross a wide variety of representative
climates, soils, and land cover types across tbegrdomain. While the use of
simulation models may provide good estimates dityeander a wide range of
hypothetical conditions, such efforts are compédaby both the very large number of
processes and phenomena involved in the systemrdgmand = extremely large
variability in time and space.(Rodriguez-lturbe &uatporato, 2004)

Use of SWAT (Soil Water Assessment Tool)

The Soil Water Assessment Tool (SWAT) is a prodessed simulation model
originally developed by the USDA that is used towdiate soil moisture with soils and
land covers over large watersheds and over lontire@us periods of time. The original
version of SWAT is a successor of the USDA’'s CREAM&del (Chemicals, Runoff,
and Erosion from Agricultural Management Systemsig¢El et al. 1980) as well as other
precursor models including GLEAMS, EPIC, and SWRRBold et al. 1998).

The primary physical strategy behind the SWAT masléhe standard water balance
state equatiorSW = SW_q + Ztt_l (R-Q-ET-R-QR).
Where SW is plant available soil water, R is praatpn, Q is runoff, ET is

evapotranspiration, P is percolation and QR isrnefiow. SWAT can simultaneously

simulate of to eight large segments of a waterstiedsub-basin, referred to as HRUs, or
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Hydrological Response Units. The properties oflémel cover and soils are either
predefined in the models data base or they caséedefined. Further details describing
the SWAT model can be found in Arnold et al (1998).

SWAT has been used in a wide variety of applicatisince its development ranging
from soil erosion to estimation of soil moistureriteer basin hydrology to other water-
related applications (Gassman et al 2007). Sepeeaious studies have used SWAT to
simulate soil moisture, with the model performinglunder a number of applications.
For example, Narasimhan and Sirnivasan (2005) 8%¢AT to simulate soil moisture in
Texas in order to estimate the Soil Moisture Defizdex (SMDI) and the
Evapotranspiration Deficit Index (ETDI). They comdéd that SWAT preformed well as
determined by the correlation with NDVI (NormalizBdference Vegetation Index) for
agriculture and pasture type land covers. DelLibanty Legates (2003) used SWAT in a
study of soil moisture variability and soil moisturlimatology to estimate the temporal
scale of soil moisture variation in Oklahoma fottbbistorical and projected future time
frames. They found that SWAT estimated soil mosstuagnitude and variability
accurately over a wide range of conditions. SWAS been commonly used in Total
Maximum Daily Load (TMDL) analyses, assessing tfieativeness of USDA soil
conservation efforts, and to perform large scatessments of base flow and snow melt
for very large river basins (Gassman et al 200Dweler, the model does require a
significant amount of input parameterization angeotinformation in order to operate
properly. In addition, the developers of the mddehold et al 1998) stated that while

SWAT uses easily available inputs for large aresaspmputationally simple to run on
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large basins, and simulate for long periods of tinalso requires proper calibration. A
summary of previous studies using SWAT can be faor@assman et al (2007).

In this study, the SWAT model was set up to sineutadil moisture across the Great
Lakes region for a number of climates, soils, amtlicover types. Thirty HRUs were
utilized for the simulations. The time period 0f0092008 was chosen for the study time
frame, which includes the great historic drougtithhe 1930’s across the region
(Andresen et al., 2001) as well as recent majougiits in 1988 and 2005 (Mishra and
Cherkauer, 2010) and a relatively wet period dutivgpast 1-2 decades (Andresen,
2012). The start of the study at the beginninghef20th century also allows examination
of trends that began before the 1930’s time fraaek bo the beginning of the period of
large numbers of reliable instrumental records sgthe region (Andresen, 2012).

Climate Data

Climate variables needed by SWAT as input are dadximum and minimum
temperatures, precipitation, total solar radiatora horizontal surface, average relative
humidity and average wind speed. The primary da&led for simulation in SWAT,
daily maximum and minimum temperatures and totetipitation, were obtained from
the Daily Global Historical Climate Network (GHCNj high quality, long term record
of daily climate data across the USA (Menne et(dl1). For the study time frame, 29
climate observation sites were chosen for theigggghical distribution and climate
record completeness over the Great Lakes regiosamdunding areas (Figure 17). The
geographical range of the climate observation sipesms an area from 40.6 to 47.0

degrees north latitude and 75.9 to 94.1 degreeslomgtude. At least one station site
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was chosen for each state in the Great Lakes regiovell as bordering states if they
were available for the time period. Both Clintorddrayette, lowa as well as Pine River,
Minnesota (all to the west of the actual Great Isaliasin itself) were included in this
study to better account for the east to west pitatipn gradient that exists across the
region. Besides the spatial distribution of theeslation sites, the other major criterion
utilized in the selection of study sites was theoan of missing data in the site records
as determined by data analysis in a database pndaydhe author. Other input climate
variables, solar radiation, relative humidity, amdd speed, were generated
synthetically. Solar radiation was simulated wike ¥YWGEN stochastic weather generator
(Richardson and Wright 1984) following the methdd\odresen et al (2001). Daily
average wind speed and relative humidity, neededtimate potential
evapotranspiration (ET) in the model using the PamiMonteith estimation method,
were generated synthetically using the WXGEN clarggnerator given information
from a statistical database for the USA (Sharply @filliams, 1990). Missing climate
data estimates were obtained with data from reptasee neighboring observing based
on distance to the original observation site andlarities in terrain.

Observed climate variables from climate statiores &éne a part of the Historical
Climate Network were used rather than upscaledigddiata.

Two spatial scales of climate data were initialbysidered for use in this study:
gridded and point level data (i.e. data from indial climate observation sites). Many
studies of drought and soil moisture content haileed data from individual locations

(i.e. climate observing sites), and then spatiallgraged over grid cells of varying scales.
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In their study of 261 century drought in the US, Andreadis et. al (200£9d 2489

weather stations for daily precipitation and 19tatisns for daily temperature data that
were then averaged over a 0.5 degree resolutidn@eLiberty and Legates (2003), in
their study on variability of soil moisture, usadiaverse-weighted method for
interpolating data from individual climate obsergatsites and concluded that it
overcame several significant limitations of traalital weighted-average approaches,
accounted for the sphericity of the Earth, and oraes of the most reliable techniques for
estimating daily precipitation. On the other hagriided data offer the potential
advantage of spatially and temporally completeesenecords, even though the base data
on which they are based may vary over time.

In a preliminary comparison study of point-basedgralded data to determine which

data set would be more representative, Upscaletjegt climate data was obtained from

Midwestern Regional Climate Center (http://mcc.swe.edu/) for the time period of

1900-2008. Data was provided with a scale o?dflef a degree latitude and 1 degree of

longitude (Figure 16 for map of the locations o ttenter of the grids). This data was
then analyzed for any inconsistencies, errors aoadngruities which then showed several
things that are worth noting.

The interpolation of precipitation records from eb&tion sites (data obtained from
Historical Climate Network) inside the grid boxéaifikel et. al. 2005) caused the ratio
of wet days with recorded precipitation to dry d#yat were much higher than expected
(Table 3) for the time period of 1900-2009 and asra selection of 10 stations across the

study region. Of the grid boxes checked the higretgi seen was 2.08 times greater than
16



observed at Rogers City, Ml and the lowest ratis W&7 times greater at both Alpena
and Ann Arbor, MI. In contrast, it was seen tha fpinecipitation totals were fairly close
to the measured amounts with values ranging fr&@4 (Grayling, MI) to 1.16 (Wilkes
Barre, PA) times the normal observed amounts.

Based on the results of the preliminary study,itidévidual, point-based data were
chosen for this study due to the relative increéageecipitation frequency and reduction
in precipitation amounts associated with griddet dahich could lead to a number of
changes in the simulation including reduced rufmfthe gridded data and interception
of precipitation by the plant canopy, changes iteegdent soil moisture and infiltration,
and potential changes in the amount of PotentiapBtranspiration (PET). It was also
observed that in some cases the gridded minimuly @anperature exceeded the
maximum daily temperature (due to observation tlifierences in station series used to
compute the spatial averages). This problem wasddo be relatively more common
early in the study period of record when there wewer numbers of climate observation
sites available inside the grid box.

One of the most difficult challenges in simulatswl moisture is accounting for
physical soil characteristics that may vary consitlly over only short distances
(Cambardella et al 1994). Over a large study aveh as the Great Lakes region,
SWAT’s computationally heavy processes could halality (Arnold et. al. 1998). To
account for the potentially large variations inlsaicross the study domain, SWAT was
run at each individual site for 6 soils represeptirtextural range from a coarse-textured

sand to a fine-textured clay loam, which are regméstive of the wide variety of soll
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types found in the Great Lakes basin. Each soildedimed in the simulation to be 1500
mm in depth and with homogeneous textural charatites throughout the column. Even
though a homogeneous soil column is unlikely tmbgerved, the model estimations are
then more directly comparable between study sitks.physical characteristics of these
soils can be found in Table 5, with a total ranf&@ mm (sand) — 309 mm (silt clay
loam) of plant extractable water for a 1500 mm o he soils used will often be
referred to in the text and tables of this papeablyreviations in order to be succinct.
Sand, S; Sandy Loam, SL; Loam, L; Silt Loam, Sillt Slay Loam, SiCL; Clay Loam,
CL. For all simulations, a single small, relativéligt basin with less than 1 degree
average slope was assumed at each study site.

SWAT also takes land surface vegetative cover igfmeaccount as an input variable.
Five land cover types were chosen represent tyfaodl covers found across the Great
Lakes region. As noted previously, the Great Lakgson is home to a significant
portion of the nation’s agriculture. To simulatel saoisture on agricultural landscapes,
three land covers were selected: corn (for grgrgss-based pasture, and winter wheat.
Winter wheat was specifically chosen as it is kgknted crop unlike the others which
are planted in the spring season. The two other ¢aners used were mixed forest
(which includes oak and pine) and urban (mediunsiigmnesidential). These land covers
were used to represent a range of common surfaes ty the region, but also to
examine the hydrologic differences between difigsnrface types (e.g. runoff from
forested surfaces tends to be relatively lower tiaoff from paved urban areas. For all

cover types except corn, the physical parametésizgtrovided in the SWAT modeling
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software was used. For corn more modern valuesalpf current productions systems

were used. The biomass to energy ratio was inaldase 39 to 45 (kg/ha)/(MJ/%)

(Loomis and Amthor 1999), the maximum leaf area imaseased from 3.00 to 5.35, and
maximum canopy height and maximum rooting depthevelanged to 2.75m and 1.5m
respectively in order for the model to simulatdistia biomass totals (Grant and Hesketh
1992 for canopy height and LAI, and Canadell et246 for rooting depth). Applied
amounts of nitrogen and phosphorus were each asstanie unlimited in this study, and
the model was automatically set to apply fertiliaaytime nutrient stress was detected.
This procedure was applied to isolate the effettdimate, soil type, and land cover
type.

Prior to the application of SWAT across the studyndin, the model was calibrated
and validated with a set of observed soil moistlata obtained from the lllinois Climate
Network (Hollinger et. al 1994), which maintains diiservation sites across the state of
lllinois. Observation frequency at the network sit@ries from monthly or bi-weekly
observations to daily. Three soil moisture obseoveseries were chosen from the dataset
based on their observation frequencies, periodsaafrd, and soil types: Bondville,
Champaign, and Topeka. Soil series at these oligemnstes are Elburn silt loam,
Drummer silty clay loam, and Uldolpho Fine Sandyatmg respectively. Soil moisture
and climate data was collected from each sitehferperiod of record of 1989-2009.
Climate data was then entered into the SWAT moldelgawith soil parameters of the

observation sites and a pasture land cover. Theradd amount of soil moisture in the
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soil column was then compared to the same varfatre the SWAT output on a daily
basis for the period of record studied.

The initial results were not encouraging. The sated plant available soil moisture
agreed with field capacity and near saturationlggéplant available soil water, but
SWAT estimates tended to over-estimate the soistum during observed drier periods
by more than 15% of total plant available soil nmis when averaged over the entire
year and ~20% absolute difference.

Internal variables, such as ESCO (soil evaporat@npensation coefficient) in the
model itself had to be adjusted in order to allOWAT to draw water from deeper in the
water column to meet evaporative demand. The restitiese changes was a very close
agreement between the simulated and observed dlabke 4 and Figures 18a, 18b,
18c) with differences of 5 mm of plant availablé swoisture or less on average over the
study period, less than 3% of total plant availaai moisture in the soil column and ~
12% absolute difference, a great improvement dweiritial model output. It was seen
that these results were similar to both the yeaalyation in plant available soil moisture
and the magnitude of the change in soil moistuhgs mMmeant that SWAT was a logical
choice to continue to use.

But SWAT was found to have limitations that maleeuse difficult in some
circumstances. Rainfall that occurs over midnightroken into the two days in which it
occurs; this causes a lower amount of precipitatooe recorded for both days. This
limitation also can be a part of the observed datalLarge sub-basins make simulating

run-off difficult due to varying soil types and sedted conductivity as well as differing
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land covers and management styles of those lanet€okinally, soil composition and
other data aren’t often available at the spatialescfor large basins to be able to describe
infiltration of water over a large basin (Arnoldadt 1998).

Modifications to the SWAT base code, as shown iarBgart (2005), were needed
due to the model not allowing crops to properlyalggtNitrogen and Phosphorous
fertilizer when there was nutrient stress, as aglthe previously mentioned problems.
These elements were intentionally set as unlimidte model in order to isolate the
effects of climate and land cover on soil moistwigout the influence of soil fertility.
Allowing unlimited fertility allows the Corn and Vat crop land covers to fully develop
and achieve yields on par with observed amounts neggults of between 5.0 to 8.5 t/ha
for corn, and 3.7 — 6.9 t/ha for winter wheat (@diStates Department of Agriculture,
20009).

Another modification, from the same source, allowedurate use of crop growth
models inside of SWAT when air temperature waswéhe base temperature of the
crop. This change allowed crops to grow if the terapure dropped below this minimum
value after planting, rather than having a crofufeiin that year. There were many cases
seen where the model would suffer from this, morenxlimatologically cool years.
Another change was needed to help the model fungtioperly when dealing with soil
temperatures. Soil temperatures in the base moelel wunder estimated when compared
to observed readings. This also caused the ssthtofrozen longer which also led into

the crop growth issues previously mentioned abBiwally, a code issue was also found

in which SWAT would replace observed temperatufeﬁsoﬁ with a simulated

21



temperature using the internal WXGEN weather gemeranodel. This replacement was
undesirable in that it could affect snow melt bgréasing this value above or below the
freezing point.

In order to examine spatial patterns of the modgbat across the study region, a
type of spatial interpolation was necessary. Inesipus study, DeLiberty and Legates
(2003) used an inverse-weighted method, as shohepard (1968), for interpolating
data after concluding that it overcame severaliagmt limitations of traditional
weighted-average approaches, accounted for theisiphef the Earth, and is one of the
most reliable techniques for estimating daily ppéation. One very common objective
analysis technique is the spline method. In a shyddartkamp et al (1999), splining was
described as “... a deterministic, locally stochastierpolation technique that represents
two dimensional curves on three dimensional susfgfce other studies see: Eckstein
1989; Hutchinson and Gessler 1994). Splining mathbaght of as the mathematical
equivalent of fitting a long flexible ruler to arges of data points. Like its physical
counterpart, the mathematical spline function isst@ined at defined points.”

The authors recommend splining because inversandistweighting has no error
surface and kriging, an interpolative techniqudeétermine the value of a variable at an
unknown point, requires a normal distribution. Brét al (2000) determined that the use
of ANUSPLIN, a set of FORTRAN programs that usdgeg in analysis of monthly
mean precipitation, and monthly mean maximum andmmeinimum temperatures
across multiple climate stations, in Canada and3iteat Lakes region, was appropriate.

Price et al (2000) concluded that ‘thin-plate srhoaj splines such as ANUSPLIN
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enable better prediction in such regions becausedalibrate a spatially varying
dependence on elevation that uses all availabtepmtants.” For these reasons splining
was chosen as a way to display spatial patterns.

In order to determine the temporal trends of theutated output from SWAT, a type
of regression analysis was needed to analyze khgoreship of those variables over time.
There are quite a few different techniques to aghtbis goal, many of them described in
detail in Lanzante (1996). One technique was u$tedh in papers dealing with climate
change, described in Sen 1968 ( Hoaglin et al 188%en and Ross 1999, Gahrs and
Lanzante 2000, Gaffen and Wang 2001, etc), anddc#tle ‘median of pairwise slopes
regression’. This is computed by finding the slbpéveen all possible pairs of points
and then taking the median of those values to ohéterthe final slope. This technique
was used in order to determine temporal trendsamodeled soil moisture data
generated from SWAT.

Time Trend Analysis, Breakpoints.

A Standard Normal Homogeneity Test (SNHT) test aygglied to the Precipitation
data for each station to determine a break poimrevprecipitation trends may have
changed. This process was described in Khaliq aratda (2007) as well as
Alexandersson and Moberg (1997). Differences instbpe of the rate of change of
precipitation could skew the results of any longriérend seen in the model output. For
example, if yearly precipitation amounts were fastatic from 1900-1950 and then
began to quickly rise. The rate of change for thiire time period would only show a

mild overall change.
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The results of this comparison showed that whigzdlwere breakpoints at the 95%
and the 99% confidence level, they were not coaisisicross the study area, nor did
every station show break points. 18 climate statglmowed a break point at the 95%
confidence interval and 12 showed the same at3be @&nfidence interval. The average
year in which these breaks occurred was 1965 a6d W&h a standard deviation of 28.2
and 23.8 years respectively (Table 6).

As it is seen, only 62% of the climate stationsvet a breakpoint at even the 95%
confidence interval. Even with looking at only thetations showed a large standard
deviation. Any breakpoint would have to be appkedoss all climate stations and this
would either not catch the breakpoint or placerdifi@al one where none existed. To
move forward in determining any long term trend®as spatial and temporal
dimensions it was decided to not include a breakpoi

Comparing results between soils or land covers

One of the first issues that comes up when attergpd view spatial data across
multiple output dimensions, in this case land caust soil types, is a way to best display
it on a map for ease of understanding. In ordactmmplish this goal, this study wished
to see if there was a larger difference betweenpaoisons of the model output of land
covers and the differences in soil types.

Yearly results of the slope of variables generatgthe model were combined under
the same land covers (i.e. all six soils that vierach land cover) and under soails (i.e.
all five land covers that were in each soil). Aatele standard deviation test was

performed on both groups. The results of thisghetved that combining all soils in a
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specific land cover had a smaller relative standiandation of the resultant slopes than
combining all land covers under a specific soill{féar). The results are striking in that
some variables show a whole order of magnitudediffce in the same variable when
comparing between groups of soils and groups af taivers.

Furthermore, differences between soils within daold cover type were explored.
While all soils behave differently based on textitrgvas seen that the rate at which a
soil moisture variable changes over time is quitalar between soils. It is also seen that
different textured soils behave in a very similammer for both daily and yearly model
time-steps (see the final column of Table 14 faregles).

The three moderately textured soils (SL, L, and) $&have closely together while
the coarse and very fine textured soils (S, Si@id, GL) tend to have a larger difference
in their change over time then the overall averdges seen that displaying the results of
the average of the SL, L, SiL together would b@adgway of geographically displaying
the temporal trends simulated. Their yearly sdillaites closely resemble each other and
generally fall in the center of the model resuttisthese attributes.

For all of these yearly soil moisture variablesmst keep in mind the soil water

balance equatior8W = SW.1 + Ztt_l (R-Q-ET—-R-QR).
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RESULTS AND DISCUSSION

In order to properly understand the changes inmsoikture across the Great Lakes
region, one must first look at a baseline of cliengriables and derived hydrologic
variables to better gauge the relative scale otti@nges. Annual temperature and
precipitation totals for each of the study sites\@aeraged over a 1979 to 2008 time
frame. Further, precipitation and its trends deeeh aspect of the hydrologic variables
of evapotranspiration, runoff and drainage.

Precipitation and Temperature

As was written earlier, Rodriguez-lturbe and Pogb@i(2004) have stated that soil
moisture is “the center of the hydrologic cycleheldriving factor behind changes in soil
moisture is primarily precipitation, and a lesseteat temperature through potential
evapotranspiration (Delworth and Manabe 1988).

Precipitation is a more complex variable spatialtyoss the Great Lakes region. The
far eastern sections of the study region (New YBdgnsylvania, and eastern Ohio) have
the greatest amounts of average annual precipitafarther west precipitation totals are
greater as you move from north to south. The diffees can be attributed to both
differences in synoptic weather patterns and radatearness of the Gulf of Mexico as a
source of moisture. (Andresen 2007)

The highest total average annual precipitatiomis $tudy is found at Warren, PA
(1195 mm) and the lowest is found at Pine River, (R4 mm), with a mean of all

stations of 900 mm. (Figure 2)
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Temperature is one of the primary driving varialidekind the calculation of
evapotranspiration, and one expects to see a sotiti gradient. Temperature across the
Great Lakes region in the 1979 to 2008 time peisddirly well behaved spatially. As is
expected, there is a strong warming trend to aeeaagual temperatures as you move
further south, and a suggestion of a slight eastetst warming trend that can be
attributed to moving deeper into the continent (Biggire 3).

The warmest average annual (1979-2008) temperattine study area is Delphi, IN
with 11.2C, and the coolest average annual temyeraan be found at Iron Wood, Ml
with 4.3C, and a mean of all stations of 7.9C.

Annual Spatial-Temporal Trends in Simulated SaitiStics

Land cover can have a significant impact on soilstaoe. Evapotranspiration rate,
leaf interception, and infiltration rate can alldiesctly affected by the type of surface
cover (Rodriguez-lturbe et al, 1999). Averaging $b& moisture variables across soil
textures for a given land cover shows the great®siLnt of evapotranspiration occurring
on the pasture land cover (593.3 mm) and the loares$he winter wheat land cover
(476.3 mm). Pastures long growing season and &k gewth in the warmest period of
the year allows for this high ET and the lower tenapures surrounding the winter wheat
help keep the ET value low for that land cover. ilghest value for drainage is seen in
the winter wheat land cover (354.9 mm) and lowatt thhe urban land cover (80.6 mm).
The low water use of winter wheat in the warm amd season helps increase the
drainage value, and the overall impermeabilityhef tirban land cover makes it difficult

for surplus water to drain into the shallow aquifEnis same impermeability of the urban
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land cover makes it have the highest average \adlgarface runoff (313.1 mm)
compared to the almost negligible amount of ruse#n for the forest (mixed northern
hardwood in this case) land cover (3.2 mm) wheeadatively high water use of the
land cover keeps the upper soil layers dry and @abédsorb precipitation and the trees
themselves acting to block water from easily rugroff. (Table 1) The duration and
timing of a crops growing season can change whegithatest water use can be
expected. Winter Wheat, for example, can be expdoteraw water from the soill
column much earlier (and later) in the year thaypecal Corn land cover. Another
example is the interception of a land cover in deieing the amount of water entering
into the soil column during a precipitation evelt. Urban land cover may behave in a
similar manner to a Forested land cover for ligiecpitation events as the interception
of leaves in the forest may be similar to the riigeherated by the impermeable surfaces
of the urban terrain, but behave much differentiger extreme precipitation events.
As can be seen in Figure 4 (Foth, 1990), soil type texture can have a large
influence on soil moisture in a given annual cy8eils that have a silt loam texture
generally have the largest water holding capabultgll soil textures, with the more
extreme texture classes of sand and clay holdinig$a. The differences between sand
and clay, however, are that sandy soils tend td talter at higher water potentials than
more moderately textured soils, and clay textumls st lower water potentials. Given
higher overall hydraulic conductivities, this altows sandy soils to replenish water
drawn out of the soil column by roots relativelyiakly; while water removed from the

soil column by roots on clay textured soil is msl@wly replenished. Averaging the soll
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moisture variables across land cover types forvargsoil texture shows that ET is highly
dependent on the water holding capacity of theitsalf. The highest values can be seen
with the Silty Clay Loam textured soil (570.1 mnmdathe lowest on the Sandy textured
soil (471.6 mm). Drainage is inversely related lanpavailable water holding capacity as
larger pore sizes allow less water holding and ndoaéage with the highest values on
sandy soil (343.9 mm) and the lowest values ow sity loam textured soil (222.5 mm).
Finally, when averaged across land covers, rusdadffiected by the pore space of the soil
as well with the highest amount found on clay ldertured soils (113.6 mm) and the
smallest on Sandy Loam soils (82.8 mm) (Table 2).

When analyzing the results of the SWAT model, erage of Sandy Loam, Loam,
and Silty Loam soils are used as they are repraseaof all six soils. This holds true
throughout the discussion, unless otherwise noted.

Evapotranspiration

Mean annual total evapotranspiration averaged acwoits and seen in all land cover
types is similar in pattern to average annual teatpees with a general increase from
north to south and a slight east to west increaseedl. This trend is likely associated
with the trend in mean annual temperatures asagafiortheast to southwest increases in
mean growing season solar radiation. Near the Jakederation of spring time
temperatures keeps local conditions cooler thaatioas of the same latitude that are far
from the lakes, allowing less ET to accumulate. Aldle the opposite is true in the fall,
when temperatures near the lakes are slightly highwpared to other sites, most plant

water use has trailed off as the plants goes emescence. On a loamy texture soil with a
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grassland cover, the highest average annual EE Vafuhe 1979 to 2008 period was at
Delphi, IN (684 mm), the lowest was at Sault SteislaMl (498 mm), and a mean
across all stations of 602 mm. (Figure 5)

Runoff

Runoff shows in interesting spatial pattern wheskéxl at across the 1979 to 2008
time period. Many different factors impact this slated variable including amount of
average annual precipitation (where higher valdgsexipitation occur, higher amounts
of runoff are expected), and severity of precipiaevents (heavy precipitation events
would result in more runoff occurring then if thense amount of rainfall fell over a
number of days). When comparing a grassland lamdram a loamy textured soil the
eastern portion of the study area shows high rb(Méatertown, NY having an average
of 25.9 mm per year), and as you move west the atrafuunoff decreases until a
minimum value is reached at Wauseon, OH (5.7 mngjigAificant ‘ridge’ of high runoff
values can be found stretching from north-centliabis (Aurora, IL with 20.3 mm)
north to the western Upper Peninsula of Michigaaniivood, M| with 23.0 mm) (see
Figure 6). Much of the pattern of runoff can belaxped through the amount of
precipitation that occurs in the fall season (Seyier, October, and November and a
correlation coefficient of 0.55 when comparing faécipitation and runoff) when there
is less evapotranspiration occurring, and thersay be recharged.

Drainage

The average annual drainage, or the amount ofvedér that flows downward and

out from the bottom of the soil column in a giveray, is very similar spatially to the
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pattern of average annual precipitation. In fa¢ctemwdoing a simple correlation between
average annual precipitation and drainage acrbssatibns, there is a 0.92 correlation.
When comparing a grassland land cover on a loartyred soil, the highest values are
found in the eastern portion of the study area withaximum average annual value of
553.8 mm at Warren, PA. There is a strong easktst downward pattern with a
minimum value of 163.8 mm at Pine River, MN. Theam&alue for the region is 286
mm. (Figure 7)

Time Averaged Inter-Annual Variables across tin8y,2:2008.

A typical annual pattern for the seasonal drawdawth recharge of soil moisture at
South Haven, MI Data were plotted in a ‘box andskbis’ graph format for model-
simulated values of daily soil moisture in the fidf®cm of the soil profile during the year

(Figure 8 above). The solid blue line is a 9-dayimg average of the median value of

soil moisture for a given day. The darker inteacgas are the HISto 7§h percentiles of

all the daily values, and the lighter areas extudo the 181 and 9(5h percentiles. The

beginning of soil moisture drawdown each year begimound day 50 (late February)
with the total moisture reaching a seasonal mininatout day 190 (mid July).
Replenishment/recharge begins at that point antdregs until field capacity is reached
once again near day 300 (late October).

One additional variable that will be discussedHigld Capacity Days’. This is the
total amount of water in the soil column over ary@gressed as the sum of the total
amount of soil moisture for each day (mm * daysis kffectively the area of the soil

moisture graph below the soil moisture curve, aestdbes how ‘wet’ any given year is.
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Annual variables such as evapotranspiration, ryoid drainage help explain water
usage on a large temporal scale. But the interanrasiables such as when the plant
available soil moisture falls below field capaditythe spring, when the minimum
amount of soil moisture occurs, when the dateas tthe soil is recharged to field
capacity, and the number of field capacity daysquaissed above) each year are
extremely important when attempting to describelemgemporal scale changes.

Day of Discharge

The day at which soil moisture in the top 150cnthef soil profile begins to drop
below field capacity in the spring is referrednahis study as the ‘Day of Discharge’.
The variable has a strong association with spengperatures as the warmer the spring,
the faster snow will melt and the earlier ET cagibe¢o accumulate. Thus there is a
strong south to north trend with the latest Dalpficharges occurring in the northern

sections of the study area. Averaged across dltesdures, the earliest Day of Discharge

can be found at Norwalk, OH (Day 37.4, or FebrL&—tlrr]y and the latest can be found in
Cheboygan, Ml (Day 67.9, or Marcrtmhsa The mean Day of Discharge is Day 53.6, or

February 259'. (Figure 9)

Day of Minimum Soil Moisture

The timing of the minimum soil moisture value oeach year is dependent on
many variables: annual ET, seasonal temperatundsseasonal precipitation to name
just a few. The strongest correlation is betweé&n\hariable and average summer

temperatures across all study sites, land covetsaihtypes. There is a north-east to
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south-west decreasing (earlier) trend appareritarl®79-2008 averages when looking at

this variable geographically. The earliest valuéhia study area, when looking at a

pasture land cover and averaging across soilsDglahi, IN (Day 210.8, or July é'&)
and the latest value is at Pine River, Ml (Day 24br August 251) with a mean of Day

224.9 (August 1@).

Figure 10a and b shows two different land coveesygorn and wheat. As can be
seen in the images the different land cover tyffestathe date of minimum soil moisture
differently. As corn is a late season grower, guthe largest quantities of water later in

the summer whereas wheat uses it much earlieeigghr. Corn has an average value of

Day 195.1 (July 1t£rl]), a maximum of 223.4 (Aug .’fb and minimum of 176.7 (June
26th), while wheat has an average day of 166.9 (Ju}lhe) dBnaximum of 198.3 (July

18th) and a minimum of 150.5 (May 55. This is nearly a month difference for the

average, maximum, and minimum dates between thetors.

Minimum Amount of Soil Moisture

The minimum amount of soil moisture each year, fheday of occurrence, is
dependent on many variables including ET, seadengberatures, seasonal precipitation,
etc. There is a general north to south decreafesivariable, which makes sense as
shorter growing seasons in the north translatele#® seasonal ET accumulation and
plant water use. The highest values of averageaminimum soil moisture were found

in northern sites, with 80.7mm at Ironwood, Ml &8@5 mm at Two Harbors, MN. The
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lowest value was at Owosso, Ml of 28.5 mm, andagggphical mean value of 43.1 mm.
(Figure 11)

Day of Recharge

The day of recharge is the day at which the sdiroa returns to field capacity, and
is dependent on seasonal precipitation, lengthrafigng season, how dry the summer
was, etc. There is much less of a spatial trendraop in the 1979-2008 average of this

variable. The earliest in the year that this oc@sifsund at Warren, PA on day 299.6

(October 2%, and the latest that it occurs is found at Chgbhay M| on day 354.7

(December 2%)1) with a geographical mean of day 331.2 (Novemlﬁ(tahr)Z(Figure 12)

Soil Moisture Days

As was described previously, Soil Moisture Daya wgay of looking at how wet a
soil is over a given year. As it is the summatiédaily soil moisture values, it is
impacted by each variable that also impacts soistue. When examining the 1979-
2008 averages spatially, there is a pattern thabeadescribed. The lowest values (driest
overall soils) can be found in the central parthef study region, Michigan, Indiana,
lllinois, and eastern Wisconsin. The lowest valuéhie region can be found at Oconto,
WI with 273.3 SMD. The highest values can be sedhe eastern and western areas of
the study region with the highest value found anwood, Ml with 319.9 SMD. The
spatial average of the study region is 290.4 SNAYUre 13)

Differences between Land Cover and Soil Types

Varying soil type can have a large influence ot swiisture in a given annual cycle,

and thus, over long periods of time. Soils thatehawilt loam texture generally have the
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largest water holding capability of all soil tex@égr with the more extreme texture classes
of sand and clay holding far less. The differerfaetsveen sand and clay, however, are
that sandy soils tend to hold water at higher watdentials than more moderately
textured soils, and clay textured soils at lowetevaotentials. This also allows sandy
soils to replace water drawn out of the soil columgrroots to be rapidly replaced, and
water removed from the soil column by roots onagy ¢éxtured soil would only slowly
be replaced (Foth, 1990).

Temporal Changes in Temperature and Precipitation

Spatial-Temporal Trends in Temperature

Across the 1900-2008 study period, temporal trem@serage annual temperature
across the region are spatially heterogeneous r@g-it) ranging from -0.007 C/year to
+0.017 Clyear with an mean of 0.002 C/year. Oveadhrger number of observation
sites showed an increase in temperature (14) cadparstations showing a decrease in
temperature (12). Three stations showed no treal, &nd none of these were
significant. This is not completely surprising, aagrees with previous research that has

identified a number of shorter term trends withia 109-year study period, including a

period of steady temperatures from the beginnirtgle)ﬂéh century to the 1930'’s, a

slow drop in temperatures from the 1930’s to thyel®80’s, and finally a rapid
warming from the 1980’s onwards (Andresen 2007).

Spatial-Temporal Trends in Precipitation

Precipitation is the dominant influence on waterthe soil moisture variables in the

SWAT model. Overall, with only a few exceptionsnaal precipitation was found to
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increase across the Great Lakes region duringeghedstudied. (Table 26, Figure 19).
The average rate of change for the entire study\aes 0.733 mm/year. The majority, 24
of the 29 climate stations, had a positive slopé an average rate of change of 0.938
mm/year. 5 of the 29 stations had a negative shiffean average rate of change of -
0.253 mm/year. 3 of the 5 that had negative pr&tipn slopes were found in
Wisconsin. This shows that the vast majority ofshely area became significantly
wetter through the period of study. For example,dlope of 1.682 mm/year at Ann
Arbor, MI, suggests an increase of 181.7 mm in ahptecipitation over the study
period.

The pattern of precipitation change over the sfpelyod when compared to the
average annual precipitation amounts for the 19®8l02s worth noting. The area with
the greatest average annual precipitation in theysarea is north-western Pennsylvania
was associated with near level or slightly decregaannual precipitation values trends.
In contrast, show moderate to strong increasesnnal precipitation were found in the
driest regions in the study area, (the central UB@minsula, eastern sections of the
Lower Peninsula of Michigan, east-central Minnesatal north-western Wisconsin).

Evapotranspiration

Evapotranspiration (ET) is a combination of soiperation and transpiration from
plants on a land surface, and as such, is dependdyith precipitation and temperature.
As precipitation increases there is more moistatereng into the soil column for
transpiration by plants. Increasing temperatureciases the rate of evaporation from the

surface of the soil.
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The rate of ET is very different dependent on laader type. In general, the most
positive rates of change for ET were found on Uraauad covers across all soil types,
with a minimum value of -0.130 mm/year, a maximun®. 811 mm/year and a mean of
0.248 mm/year, and the most negative rates of ehauege found on a forested land
cover when looking across all soils, with a minimuatue of -0.451 mm/year, a
maximum of 0.579 mm/year and a mean of 0.064 mmf{fesble 18 and Figures 20 to
24).

Drainage

Drainage is defined as water which passes downfxand the rooting zone It
depends on both rainfall and antecedent soil mastantent, and as such is a stochastic,
state-dependent component whose magnitude and tehgoourrence are controlled by
the entire soil moisture dynamics (Rodriguez-ltuabe Porporato, 2004) and is a good
representation of how saturated the soils are girdie annual cycle.

Temporal changes of drainage are similar to bagfptiecipitation trends and the ET
trends (Table 19 and Figures 25 to 29). Drainageeased across much of the study area,
similar to precipitation. Decreases were obserme@antral Wisconsin and eastern lowa.
The largest positive and negative trends acrosodl were observed over the forest
land cover (maximum of 1.82 mm/year, minimum o#40mm/year, and an average of
0.69 mmlyear).

Water Return
REVAP, as it is labeled in the SWAT model, is watdrich returns upward to the

soil column from the shallow aquifer. This variaidea complex combination of the
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amount of precipitation occurring, when it occuasg the depth of the rooting zone of
the land cover. Rooting depth is an issue hereddgl# land covers, corn and forest,
have a rooting zone equal to or deeper than thelaied soil column.

Interestingly enough, each of the before mentidaad covers still closely resemble
the other three land covers in spatial pattermefrate of change and the scale of the rate
of change. A mix of increasing and decreasing sefdvater return was found across
the region. Decreasing areas are the Upper Peain§iichigan and northern
Wisconsin. Areas of increase are, depending otatigkcover, the western and southern
areas of the study region (Table 20 and Figure® 3@).

Across all soils the highest positive rates of deim water return are unsurprisingly
seen in a forested land cover (maximum of 0.033yaar, minimum of -0.010 mm/year,
and an average of 0.006 mm/year), as the treeswlea®r from the deepest portion of the
soil column allowing moisture. The highest negatates of change were found on a
pasture surface (maximum of 0.03 mm/year, minim@ir® ®18 mm/year, and an
average of 0.005 mm/year).

Runoff

Runoff is the amount of water that leaves or ertegsystem by moving laterally
across the surface of the land cover rather thatrating into the soil column. This is
due to the impermeability of the surface, high eatkent soil moisture which prevents
infiltration, or a combination of both. In genenggarly runoff trends closely resembled
the yearly precipitation trends across the regiddmost no change in annual runoff was

observed across the region over the period, whdaitban land cover had the expected
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highest rate of change of annual runoff due to mrm@able surfaces that followed the
rate of change for precipitation.

Spatially, runoff increased across the entire sar@a with the highest amounts in
northern lllinois and along the Lake Erie coastci2ases were observed in central
Wisconsin and eastern lowa. (Table 21 and Figuses 38). Both the maximum
positive and negative trends in runoff were assediith the urban land cover across all
soils (maximum of 1.045 mm/year, minimum of -0.3@6/year, and an average of
0.351 mmlyear).

Temporal Changes in Hydrologic Variables and Deatliv@ariables.

Inter-annual Daily Trends — Summary

The change of soil moisture levels within a givesaryis complex. In order to detect
any long term changes then each year a derivadtstauch as the day at which
discharge occurs must be examined and compare@vmps years. Slowly a pattern
begins to emerge that can describe the behavitrest statistics.

In modeling soil moisture, it is important to kndvww much soil moisture variation
is caused by small temporal scale events and Emgaral scale events in order to
understand how accurate a model will be in reproduexpected soil moisture results
and what scale the spatial and temporal resolstimuld be for the simulation (Entin et
al 2000). Following the research of Entin et alQ@pand Deliberty and Legates (2003),
the temporal scale was calculated using the proesdet forth in their studies. In the
Entin et al study, they found a temporal scaleegiMeen 1.3 to 2.1 months for the upper

1m of soil in lowa and lllinois. The Deliberty ahégates study found, for Oklahoma, a
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1.8 month temporal scale. In this study the resudtsespond with the previous studies
results fairly closely. Between all of the soilg iverage temporal scale across all the
sites ranged from 1.35 months (41 days) for a @rd cover to 1.93 months (61 days)
for an urban land cover, with an average tempaakesacross land covers and soils of
1.65 months (50 days). See Table 24 for more @etadsults.

Additional seasonal soil moisture variables exaunhimethe study for changes over
time were: the day of year when the soil first Insgb fall from field capacity, the rate of
discharge of soil moisture from the beginning & ustil the minimum value of the year,
the day of year when the minimum soil water vakieeached, the rate of recharge of soil
moisture from the day of that minimum value backiétd capacity, and the day of year
when the soils field capacity is reached. Findligre is the summed number of days at or
above field capacity. Examples from selected statman be found on Tables 22 and 23
in the Appendix for all of these variables.

Day of Discharge and Discharge Rate Trends andefPas

This study examined the day of year when the saiewbegan to decrease from field
capacity. If the soil moisture fell below field @agty and then returned to field capacity
before falling again, the day of year was theniake the latter value. After these dates
were obtained, a pair-wise step regression wasipeeld as described above to calculate
trends and rates of change for the study period.

The spatial patterns for the rate of change foidtte at which this start of discharge
occurs were found to be dependent on the land amext. Positive rates of change,

meaning that the date at which discharge begimeisasingly later in the year, were
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observed in southern Wisconsin across land copeastyThis same pattern can be seen in
the Saginaw Bay area of Michigan except for foaest urban land covers. Negative
trends were observed across the rest of the siittydischarge beginning earlier in the
year. The most negative trends are in south-eashilyin and the Pine River Dam area

of Minnesota (Figures 39 to 43).

The observed changes are noteworthy. For exampdaraArbor, MI, the rate of
change of -0.0991 days / year for a corn land ctre@slates into a 10.7 day shift earlier
in the year during the study period. With the sdanel cover in Viroqua, WI the shift
was 1.1 days later in the year. Across soil types]argest positive trend is 0.104
days/year found on a pasture land cover at Viro@llaand the largest negative trend is
also on the pasture land cover with a trend of6® @ays/year found at Pine River, MN.

The rate of discharge is obtained as the total amnaiusoil moisture lost each year
between the day of year where soil moisture fiegibs to fall in the soil column and
through the day of year where the minimum amoursiodfmoisture is reached. While
each soil texture class has differing field capesiand minimum plant available water
values, the magnitude of the rate of change fardhlculated variable is very similar.
The trends for this variable are quite small, andihder ofum/(day*year).

Spatially the patterns are dissimilar, as can Ipeebed, over the differing land
covers. The greatest trend change can be seenhieat land cover as it begins its water
use earlier in the warm season, thus drawing thesasture down earlier. The smallest
trend changes over the study period can be fouttdtive urban land cover. The rate of

change is the highest in southern Wisconsin, the@eUpper Peninsula and Saginaw
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Bay area of Michigan (Figures 44 to 48). Acrosssalls, the largest positive change in
the rate of discharge is 2.m/(day*year) found at Pine River, MN on forestedda
cover, and the largest negative trend is -1us%day*year) found at Fond du Lac, WI on
the Wheat land cover.

When temperatures begin to increase seasonalhgitate winter / early spring,
snowmelt and relatively low ET ensure that the sollmn is saturated. Overall, the start
of soil moisture discharge across most of the regies become earlier by 1-2 weeks or
more during the study period. As to the physicailsadity behind these changes, one
major suspect is temperature trends across thewalies locations (Table 25). As can
be seen in Figures 52-56, there is a strong coivalaetween higher rates of change for
average yearly temperature and the date of thenbiegj of discharge. Higher
temperatures cause ET to begin earlier in the yeean also cause snow melt to occur
earlier, allowing the spring recharge to end earliée same pattern can be seen when
looking at the rate of discharge against both th&imum and minimum temperature
rates of change, which are strongly correlated.eNafrthe other variables were
correlated with changes in temperatures at any tha&gnificance except for the Day of
Year where soil moisture reaches field capacityregganaximum temperatures.

Comparison of these variables against the ratbafige of yearly precipitation
(Table 26) results in correlations that is muchbigthan temperature as a whole. This
stands to reason as precipitation is the majoirdyiforce behind changes in soil
moisture. But it is interesting to see that thera higher correlation with minimum

temperature when compared to the rate of chanteeahte of discharge, and the rate of
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change of the day of minimum soil moisture when parad to any of the temperature
slopes. These are both variables that occur dtinedirst half of the year. This could be
caused by lower plant ET in the early part of tearymaking temperature the driving
force rather than the gain or loss of moisture fporecipitation.

Day of Minimum Soil Moisture Trends and Patterns

The timing of the minimum amount of soil moistugek season is an important to
know for water management and irrigation scheduling also the date at which the soil
begins to recharge due to decreased ET or inciggasatipitation.

Changes in the timing of the date of minimum salisture were found to differ
widely across the various land covers, sometinggsfgantly. This is due to the either
differences in the plants growing season and tla@g#s in precipitation during those
times (i.e. early in the spring for winter wheatJager in the summer for corn, or the long
growing season of the pasture and forest land s@vErends towards earlier dates were
observed across the land covers (towards over pipetUPeninsula of Michigan, and
sections of northern Wisconsin and Minnesota (Fegui9 to 53). There were also
differences between land covers such as a trenartisWater dates on a pasture land
cover in NE Michigan but negative trends on allesttand covers and the lllinois stations
showing near zero trends except for a winter wleeat cover. Across all soils, the
largest positive rate of change is 0.11 days/yeand on the urban land cover at
Farmington, MN, and the largest negative rate ahge is -0.17 days/year found at Big
Rapids, Ml on the pasture land cover. The diffeesna this variable appear to be

associated with the timing of peak water usagendute growing season. Corn tends to
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use water earlier in the year due to rapid growith @nopy development when ET is
increasing from increasing temperatures and sgh kalues of plant available water.

This is why the large portion of the study areaimegative trends. The positive trends
(getting later in the year) are associated withstimae areas that are having a reduction of
ET through steady temperatures, increased clousleres precipitation, etc.

For the forest land cover the date has generaftyecearlier in the year except for the
stations near the Lake Erie and the northern Laiohilgan area. The earlier dates are
especially associated with areas that are alsaiexping some of the largest increases in
ET. The more south-western areas that show thisisanbe explained by a general
decreasing trend in precipitation during the autw®ason or a lower rate of change then
the surrounding areas (seasonal precipitation cdtelsange can be seen in Figures 69 to
72).

As pasture has a long growing season, many diffeammables impact the timing of
its day of minimum soil moisture. The strongeshtr¢owards an earlier day of year can
be found in the western Lower Peninsula of Michjgard the strongest trend towards a
later day of year can be found in the eastern Ld®eminsula. A linear regression (with
the rate of change of minimum soil moisture on sty@ land cover as the dependent
variable) was performed with many rates of charfgeanables discussed in this paper in
an attempt to describe the spatial behavior oflémd cover and rate of change such as

rate of change of ET, rate of change of runofe @tchange in seasonal precipitation,
etc. A model was developed that didn’t explaingagicant portion of the variability %r
of 0.56), but explained a high amount of that ity (p-value of 4e-4) using only
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yearly precipitation, ET, percolation and watemigedrawn back into the soil column.
Each of these rates of change had at least a 95fialence rating with ET and
percolation above a 99% confidence rating with oidireearity found between these
variables. This suggests that as the rates of ehahgrecipitation and water re-entering
the soil column increase, and ET and percolatiamedese that the date of minimum soil
moisture gets later in the year.

Looking at the spatial distribution of this varialdn an urban land cover there were
also patterns that couldn’t easily be understodids $patial distribution required another
linear regression (with date of minimum soil moistwith an urban land cover as the

dependent variable) to fully understand. A modet waveloped that didn’t explain a

significant portion of the variability %rof 0.34), but explained a high amount of that

variability (p-value of 4.4e-3) using only the imge rate of change for ET (99.8%
confidence), and the rate of change for percolg®@n7% confidence) with no co-
linearity found between these variables. This mélatas average yearly ET decreases
and percolation increases, the day of the yeareviier minimum soil moisture trends
later in the year. This stands to reason as a highevould mean less water in the
system throughout the year and more percolatiommtreere is more often a greater
amount of water then the soil column can hold.

The wheat land cover for this variable has vetielgpatial continuity across the
study region. This complex variable surface alsmired a linear regression model to
attempt to better explain the behavior. The limegression showed that the rate of

change of summer time precipitation had the gréatésct on the rate of change of the
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date of minimum soil water (96.4% confidence), $tilt explained very little of the

actual variability (% of 0.15). As summer precipitation increases, e @f minimum

soil water gets later in the year. This makes ser@n you consider that wheat has a
growing season outside of the summer season.
Minimum Amount of Soil Moisture Trends and Pattern

As soil moisture decreases during the growing seasoan stress the plant life
above it. But if the level of soil moisture at mtsnimum was getting higher or lower, the
impact could be significant. The rate of changetfierminimum amount of soil moisture
was highly dependent on both soil type and landcowithin a land cover category, the
rate of change is consistently in the same directat the scale can be quite different.
Because of the diversity of the results, we wilhfooe our discussion to corn, forest, and
wheat, which are representative of the range ofdbelts (Figures 54 to 56 respectively).
In general, there was a widespread increase imthienum yearly value of soil moisture
across the study area. The general exceptionb@M/isconsin observation sites and
Upper Peninsula of Michigan, the southern obsemnatites, and in New York.

These are fairly striking results. For Ann Arborl, the rate of change for corn on a
loamy soil is 0.1301 mm/year and a beginning saisture value of 68.1 mm. This
starting value increases to 82.2 mm at the endeo$tudy period, of, an increase in the
minimum plant available soil moisture of over 20%.

It is important to note that each of the combinadiof land cover and soil types had a
different outcome for the rate of change of therlye@inimum soil moisture. For corn

there is a very distinct geographical distributéord steep slopes. As discussed earlier,
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using the rates of change of minimum soil moisam®unt as the dependent variable in a
linear regression against multiple independentaides was used to better explain the
geographical distribution. We can see that thisabde has a direct relationship with ET
rates of change (>99.9% confidence rating) and @rpnecipitation. It does stand to
reason that higher precipitation contributes t@agrall higher ET. Combined with
increasing temperatures this geographical disiobunhakes sense. The combination of
temperature and precipitation trends is argualgyntlost important aspect of changes in
minimum soil moisture trends in the study regios.gkecipitation increases, so does the
amount of soil moisture. While the increasing terapges help lengthen the growing
season and increase ET, the lowering amount ofrw#tess put on plants due to the
increase in soil moisture is important to see.

The statistics for trends on forest were differéntonger growing season and a
deeper root system made the water being drawnihtxkhe soil column from the
shallow aquifer more important to the rate of clea(@p.1% confidence). Combined with
precipitation, to a lesser extent due to the highterception by the leaf canopy, the rate
of change for this land cover and soil is much nmagelest than corn on loam.

The third land cover looked at in this paper wagathWheat is a more complex land
cover in that the ET decreases significantly dutimgsummer following maturity of the
crop. The largest contributor to the spatial dittion of the rate of change was the water
reentering the soil from the shallow aquifer (>98.8onfidence rating). To a lesser
extent both the spring season and summer seastpifaon contributes to the

distribution with the summer precipitation invessetlated. This inverse relationship is
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explained by understanding that higher amountaiaofall in the summer contribute to a
larger ET. Keeping ET low allows the shallow aquife better recharge the lower
portions of the soil column, and having a greanckeao increase the minimum soil water
value.

Averaged across all soils the maximum positive otehange for this variable is
0.207 mm/year found on the forest land cover aeRaylA, the maximum negative
trend is -0.176 mm/year found on the corn land cav&/iroqua, WI. The average
overall trend across all land covers and soilsG4® mm/year.

Day of Recharge and Rate of Recharge Trends attériRa

As the growing season comes to a close the levaibfmoisture begins to increase.
The amount and frequency of precipitation also addke increase. The rate of change
of seasonal recharge, the increase of the soiltareifrom its minimum value back to
field capacity was examined was found to vary actbe region. Negative rates of
change (recharge happening less quickly with twexe observed in the southern areas
of the study region with the wheat land cover. Tilghest positive rates of change
(recharge happening more quickly) are found inhreart Wisconsin, the Upper Peninsula
of Michigan, and northern Minnesota for the cord annter wheat land covers. One
commonality across all land covers was a posite of change in many areas of
Michigan (Figures 57 to 61).

The day of recharge describes when the soil haflyfirecharged to its field capacity.
For this region, this typically occurs during theglg fall to the early winter. A relatively

later recharge date during the next year’s spriag uncommon. Out of all the climate
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observation stations, combinations of land covassils, and over 108 years of
simulation, in only a tiny fraction of the seas¢x8.1%) was the soil not fully recharged
by the beginning of the next start of discharge.

Regionally, positive trends toward a later dayemfhrarge across land covers (with the
highest rate of change for the pasture land caverg found over large portions of
Wisconsin. The largest changes in a negative dire¢tull recharge occurring earlier in
the year) were found on the pasture land covdrerfar northwest of the study area.
Urban and wheat land covers had the lowest ratekasfge in both a positive and
negative direction.

In Watertown, NY, for example, the rate of changeli.1610 days per year with a

Forest land cover with a starting intercept of 8a8 (November @). By the end of the

study period this has changed to day 296 (Octobrgb,a relative change of over 2

weeks earlier in the year. In contrast, Viroqua, Wés a positive rate of change on a

pasture land cover of +0.1184 with an interceplaf 321 (November 1% By the end

of the study period this has changed to day 33%éNer 231 ). The greatest positive

rate of change in the study area for the ratedfarge is found on the pasture land cover
at Pine River, MN (4.3am/(day*year)), the greatest negative rate of chdagthe rate

of recharge is -7.8pm/(day*year) found on the winter wheat land covebalphi, IN

and an average across the study region of 40 {day*year). As for the day of

recharge, the greatest positive rate of chandeeirstudy region was found at Fond du
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Lac, WI with a rate of +0.137 days/year on a camudl cover, the greatest negative rate of
charge was at Pine River, MN on a pasture landrowith a rate of -0.403 days/year.
Other commonalities across land covers includersdttowards earlier recharge across
much of Michigan and a lower rate of change onLtllee Erie coastline in Ohio as
compared to the surrounding areas (Figures 62)to 66

There is a strong geographical distribution witbach land cover, though each one
shows a different distribution and scales of theg@f change (Figures 70- 79). For the
corn land cover, the rate of recharge during thdysperiod is decreasing. In contrast, the
rate of recharge is increasing across Central Mahiand the Upper Peninsula of
Michigan along with eastern New York. The relatioips between the other rates of
change are complex. Percolation and runoff arafgigntly related to this rate of
change, at a 99.98% and 99% confidence rating aedjative relationship with runoff.
The change in minimum temperatures also playstaxptir a negative relationship of
97.2% confidence rating.

As stated previously, the forest land cover hamg Qrowing season with extended
roots able to draw moisture from deep in the salimn. The geographical distributions
of the rates of change for this land covers reahaate are somewhat similar to corn.
Positive trends were found across Central Michigiaa Upper Peninsula, and
southeastern sections of the region. A large poxticthis spatial variability comes from
annual precipitation, over a 99% confidence ratirtgs is from both amount of yearly

precipitation change and the amount per eventegfipitation change.
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For pasture, there was a large decrease in thefredeharge across the western
portion of the study area that generally follows tiecrease of precipitation rate. Still, for
areas where there was an increase in precipitation as south-west Michigan, the
eastern Upper Peninsula, and the Lake Erie coagtiere was still a slight decrease or
only a weak increase in the rate of recharge. iBhperhaps related to increasing
temperatures throughout the year, greater ET eatdsncreasing plant water usage
through the recharge period.

Changes in the rate of recharge for the urban ¢andr were minor compared to the
other land covers. This is mainly due to the impe=ahility of the surface type making
increases in precipitation increase runoff rathantground recharge. The strongest
upwards trends can be seen in northern Wisconsithenwestern Upper Peninsula. The
strongest downwards trends occur in the southexasanf the study region. For the wheat
land cover, there was a pronounced slowing of ésharge rate across almost the entire
study region. The only exceptions are the far easteeas of the region and north-west
Michigan.

Soil Moisture Days Trends and Patterns.

One of the more interesting aspects of this stadgaking for trends in soil moisture
days, which is essentially a summation of the tamé magnitude of soil moisture at or
above the field capacity threshold.

The rates of change for this variable closely rdderthe rates of change for
precipitation across the study area (Figure 19ydtlee rates of change are seen in

Wisconsin, suggesting an overall drying of the solumn, while positive rates of

51



change were observed almost everywhere else. Bategt positive rate of change in
across the study region was at Pine River, MN wigasture land cover (+0.406
SMDl/year), while the greatest negative rate of geamas found at Viroqua, WI with an
urban land cover (-0.148 SMD/year). The averagadtahange across all land covers and
soil types was +0.116 SMD/year. Spatial trendsufban and wheat land covers, which
are representative of other land covers are gindfigures 67 and 68.

These changes for the urban surface is somewhat digtinct due to the greater rates
of runoff for that cover type which increases tierall sensitivity of soil moisture
changes associated with changes in precipitation.

For the wheat land cover the rates of change are moderate due to increasing ET
during the summer. The spatial patterns are sirtoléine precipitation rates of change
with lower amounts in Wisconsin, but still closebtowith the highest rates over
Michigan and the western portions of the study .area

Summary of Yearly Spatial-Temporal Trends in SaiiSics

In general, the results from this study are sintibathose of Karl and Knight (1998),
who found large scale increases in precipitation@iith an increase in extreme
precipitation events in the Great Lakes region. &xeption was the state of Wisconsin,
were precipitation was observed to decrease. Fig@ishows a spatial distribution of
locations with precipitation trends 95% or great@nfidence. In general, it suggests a
significant increase in precipitation over the stpeériod. Ranges for these increases are

from 0.7 mm/year to 1.7 mm/year.
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SUMMARY AND CONCLUSION

Consequences for water usage in the Great Lakasmeg

The main conclusions that can be drawn from thidystan be summarized in the

following way:

1. For the thirty-year time frame (1979-2008), pretifon is greatest in the eastern
portion (Pennsylvania and New York) of the studgeaand tends to decrease as
you move north-west, with the lowest amounts in Mdisota, the central Upper
Peninsula of Michigan, and the north-east portibthe Lower Peninsula of
Michigan. Precipitation is increasing across th¢omitg of the Great Lakes
region over the time period studied and this hdsext impact on plant available
soil moisture across all land covers and soils. [&hgest trends in precipitation
can be found in the state of Michigan with higresadf change in eastern
Minnesota, north-eastern lowa, and south-centrakc@isin. Seasonally, autumn
shows the widest range of rates of change withemeshost areas showing
decreasing precipitation and increasing everywkkse in the study region. The
summer months show the largest spatial area ofasang precipitation with a
reducing amount in the Upper Peninsula of Michigan.

2. For the thirty-year time frame (1979-2008), evapos$piration has a strong south
(highest values) to north (lowest values) spateid with higher values moving
further northward in the western portion of thedstarea. Evapotranspiration
trends across soils and land covers are genenglfgasing across the time period

studied mainly due to increasing temperatures aedgtation across the Great
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Lakes region. The greatest positive trends carebe en pasture land in
Michigan, the greatest negative trends can be isefemnested areas in western
Wisconsin and the Upper Peninsula of Michigan, tiedsmallest rates of change
can be seen in the winter wheat land cover. Thesel$ can be attributed to
growing season timing and length.

. For the thirty-year time frame (1979-2008), pertiolawas strongly tied to the
pattern seen for precipitation. Areas of highecymi¢ation showed rates of higher
percolation and areas of lower precipitation sholegger amounts of percolation.
Percolation had similar trends no matter the laowkcacross the study region
with positive trends showing an increasing amodintater leaving the soil
column. The pattern is closely tied to the rateshafnge for precipitation.

. For the thirty-year time frame (1979-2008), runeés spatially varied greatly
with the highest values seen for the pasture lavdrcon a loamy soil in a north-
south line stretching from northern lllinois to tdpper Peninsula of Michigan as
well as a gradual increase in an easterly direclibie lowest values for the 30-
year period were seen in eastern Michigan and Miotae Surface runoff is both
closely tied to land cover and precipitation trerfélsrest land cover shows no
change in runoff and urban sees the largest champesrate of change follows
closely with precipitation changes as well as #rallcovers ability to prevent
water movement on the surface. This finding coddéen as a predictor of the
ability of urban water drainage systems abilith&mdle storm run-off. It also

directly affects soil erosion which can impact bluid beach erosion (tourism),
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loss of top soil (agriculture), and the introduatiaf fertilizer and other man-made
chemicals into the Great Lakes waterways (fishgries

. The year to year rates of change of the daily béemshows significant trends
almost everywhere. Each of these traits directlydats the areas of agriculture,
forestry and urban water management.

a. For the 1979-2008 time frame there is a stronghstmuhorth trend with
the latest Day of Discharges occurring in the rartlrsections of the study
area. The trends for the entire time frame showd#yeof year when the
soil begins to discharge is generally getting eaih the year from earlier
snowmelt from increased temperatures. This ocaunssa soil and land
cover types. The date at which the soil recharg@¢so moving earlier in
the year over much of the study area. Notable dxaepare where the
trend for precipitation amounts is negative. Whaking at the pasture
and urban land covers due to the near constant ws¢eduring the warm
seasons, one can see this pattern very clearly.

b. The rate of discharge is based on two variableth, dowhich are
changing. While the beginning of discharge is odogrearlier in the
year, the day of minimum plant available soil maistis also getting
earlier across much of the study area. This leads tincrease in the rate
of discharge. Areas that have a slower rate ohdisgge are correlated with
areas with a positive precipitation rate of charigee rate of recharge also

varied significantly across the study region. Laosers that have a
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growing season that extends into the period of ebtemperatures begin
to cool and PET begins to decrease are slowing dbevnate of recharge.
These patterns can be seen in the corn, pastueytzeat land covers
where a long growing season that is stretching latthe year is and is
reducing the rate of recharge.

In the 1979-2008 time period, the day of minimunh swisture shows a
similar spatial pattern across all land covershwiinorth-east to south-
west decreasing (earlier) trend. The day of yeagre/the soil moisture is
lowest is also changing across the region asaffésted by both the land
cover and the amount and timing of precipitatioms Qgetting earlier in the
year over much of the study area with notable difiees between land
covers, with the strongest movement towards thenbety of the year
often found in Michigan (with a movement of alm@6tdays earlier in
one case) and the strongest movement towards theféhe year in the
south western, western, and Lake Erie areas.

. The average of the 1979-2008 time period showsea sivil conditions in
the northern areas of the study region and weteasan the south for the
corn and wheat land cover, while the forest anéuwilbnd covers show
spatial homogeneity. The minimum amount of soil sture is increasing
in all areas except where there is a negative ftiepdecipitation. This is

an important find as it directly affects the amoahtvater stress
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agricultural products will experience without irgigon or the amount of
irrigation needed to prevent water stress in timeeserop cover.

e. The 1979-2008 time frame shows much less of aafetnd across the
study region for the date at which field capacigsweached in the fall
with only a slight trend towards later rechargeedaiccurring in the
northern areas than in the southern areas. Thestffenthe 1900-2008
show positive trends toward a later day of rechagess land covers
(with the highest rate of change for the pastund keover) were found
over large portions of Wisconsin.

f.  When examining the 1979-2008 averages of Field €gpBays, or the
integration of the total amount of daily soil maist in the soil column,
shows that the lowest values (driest overall sais) be found in the
central part of the study region, Michigan, Indialllanois, and eastern
Wisconsin. Field Capacity Days also show an upwasdsl across the
study region, only with the notable exceptions aé&¥nsin and parts of
the western Upper Peninsula of Michigan, but thely slight negative
trends. This finding shows that over the coursaroéntire year during the
time frame of this study that soil is getting maret overall.

All of these soil moisture trends show a differ@meat Lakes region in the present
then even 100 years ago. It shows a Great Lakesréuat is slowly getting wetter and
warmer. It shows a region where agricultural prads@nd urban planners have needed

to change their policies and ideas about wateriegtéheir fields or drainage systems.
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Finally it shows that these trends will continutoithe future as climate change continues

to affect the Great Lakes region.
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Table 3: Comparison of Precipitation Data from obed precipitation and the associated grid

Corn Forest| Pasture Urban Whéat
ET 499.9 570.6| 593.3] 506.4| 476.3
Drainage| 311.2| 326.4| 292.7 80.6| 354.9
Runoff 88.9 3.2 141 3131 68.6
Table 1: Soil Moisture variables (mm) averaged seiudy region and across soil types, 1979-
2008.
S SL L SiL SiCL CL
ET 471.6| 528.9| 540.7| 526.6| 570.1f 537.9
Drainage| 343.9| 288.6| 268.3| 266.8] 222.5| 248.8
Runoff 83.2 82.8 91.5| 106.8| 107.5| 113.6
Table 2: Soil Moisture variables (mm) averaged s&siudy region and across land cover types,
1979-2008.
Grid / Observed . o
Station Name | Annual Precipitation AG”d / Observed PreC|p|tat|o_n
Totals nnual Wet Days amount Ratio
Alpena, Ml 1.09 1.57 0.69
Ann Arbor, Ml 1.08 1.57 0.69
Chicago, IL 1.01 1.87 0.54
Geneva, NY 1.05 1.79 0.59
Grayling, Ml 0.94 1.31 0.72
Indiana, PA 0.95 1.73 0.55
Rogers City, Ml 1.02 2.08 0.49
Sheboygan, Wi 1.04 2.06 0.50
Traverse City, M 1.02 1.76 0.58
Wilkes Barre, PA 1.16 1.82 0.64

box.
Observation Station SWAT — Observed PAW Absolute Value of SWAT — Observed
Bondville, IL 0.65 22.98
Champaign, IL 3.27 26.53
Topeka, IL 5.06 27.24

Table 4: Differences in Simulated and Observedt®anilable Soil Moisture in mm of
Plant Available Water.
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Soil Name Clay %Silt %| Sand %
Sand 5 5 90
Sandy Loam 10 30 60
Loam 20 40 40
Silty Loam 10 60 30
Silty Clay Loam 30 60 10
Clay Loam 35 35 30

Table 5: Composition of Soil Textures used for pkarailable water comparisons.

A} %4

Yearly Average Yea Average Yea STDEV Year STDEV Year st#aticgns st#atioc:cns
. 95% 99% 95% 99%
Timeframe : . ; ) 95% 99%
confidence | confidence| confidence | confidence ) :
confidencéonfidencg
Full Year 1965 1967 28.25 23.82 18 12
Dec, Jan, Fep 1961 1973 39.85 39.57 10 6
Mar, Apr, 1957 1934 31.76 N/A 3 1
May
Jun, Jul, Aud 1958 N/A 42.33 N/A 6 0
Sep, Oct, Noy 1965 1969 28.18 6.18 9 4
Table 6: Precipitation Breakpoints as determinechfat SNHT.
Land Cover / Sof ET PERC REVAP SURQ
Grouping
Sand 174.84 110.45 251.56 120.11
Sandy Loam 274.83 68.32 172.68 119.87
Loam 246.00 99.16 154.37 135.85
Silty Loam 197.47 102.09 192.89 233.92
Silty Clay Loam 148.487 96.23 234.87 283.45
Clay Loam 278.88 101.75 384.43 199.21
Corn 38.08 5.42 6.26 2.20
Forest 27.17 6.59 26.74 5.79
Pasture 92.90 8.60 7.43 5.03
Urban 100.12 70.44 102.01 3.69
Wheat 10.33 4.02 5.24 2.61

Table 7: Relative Standard Deviations of soil maistvariables. Soil or Land Cover groupings.
ET=Evapotranspiration, PERC=Percolation, REVAP=ReWater from Shallow Aquifer,
SURQ=Surface Runoff.
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Station Corn Forest PastureUrban | Wheat

Ann Arbor, Ml 505.0| 589.9] 601.4 523.4 4797
Angelica, NY 493.2| 543.00 601.8 5051 4630
Aurora, IL 520.3| 581.7| 630.8 528.1 489/4
Big Rapids, Ml 487.2| 557.9 586.9 4998 464.5
Cheboygan, MI 45291 508.8 5311 4504 434.6
Clinton, IA 529.2 | 608.2| 644.8 525.1 498)2
Coldwater, Ml 518.7| 610.9 609.4 5334 4925
Delphi, IN 543.4 | 637.7] 672.9 544.1  505|5
Dixon, IL 526.1 | 614.9| 637.9 5325 4972
Fond du Lac, WI 490.51 587.2 579.0 4869 476.7
Farmington, MN 512.9| 590.5 604.6 502/0 492.1
Fayette, IA 538.2| 597.7 635.6 5412 506.8
Iron Mountain, Ml | 431.8| 520.7 569.% 471.3 4549
Ironwood, Ml 471.4| 529.3] 533.7 478.4  453|1
Norwalk, OH 521.4| 600.3] 624.2 536.3 4899
Oberlin, OH 516.1| 604.6 614.3 532.3 4816
Oconto, WI 479.0| 538.7 584.0 4824 460.9
Owosso, Ml 481.5| 523.9 562.1 493/0 465.1
Pine River, MN 483.7| 543.6 544.4  474|2 472.6
Portage, WI 521.6| 580.( 618.0 5254 491.6
South Haven, MI 481.4f 5453 566.0 497.6 462.5
Spooner, WI 501.4] 5539 598 493[2 479.3
Sault Ste Marie, Ml  442.8 498.0 4916 4364 4154
Two Harbors, MN | 483.7 557.3 542.9 466|8  469.5
Viroqua, WI 510.1| 588.0] 600.3 507.0  484(7
Wooster, OH 536.6) 621.( 632. 553|9 497.1
Warren, PA 529.4| 586.6 622.4 548/9 493.1
Watertown, NU 478.3| 531.5 557.5 4953 457.3
Wauseon, OH 509.7 597.6 608,3 519.1 483.5

Table 8: Average Annual Simulated Evapotranspirafiam), 1979-2008, by land cover.
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Station S SL L SiL SICL CL
Ann Arbor, Ml 477.6 | 536.8| 550.7 535.6 5885 550.1
Angelica, NY 472.7| 520.5 529.7 5204 5545 529.6
Aurora, IL 489.1 | 549.5| 561.6 547.0 593|6 559.5
Big Rapids, Ml 457.2| 516.0 530.1 5156 567.7 529.0
Cheboygan, Ml 416.9] 473.3 486 4714 520.5 484.5
Clinton, IA 500.9 | 562.4| 574. 557.6 6025 568.6
Coldwater, Ml 491.8| 551.7 564.4 5500 5971 562.9
Delphi, IN 517.0| 581.7| 593.6 578.0 624|]1 589.9
Dixon, IL 501.5| 562.1| 5743 559.6 6025 570.3
Fond du Lac, WI 463.7) 523.9 536.8 5205 566.9 53R.6
Farmington, MN 485.5| 543.6 5532 5387 5748 546.9
Fayette, IA 511.0| 567.1 576.1 563/8 5947 570.8
Iron Mountain, Ml 436.1| 488.3 500.9 4866 5290 4996
Ironwood, Ml 440.1| 492.3] 502.9 491.8 529|9 502.1
Norwalk, OH 494.6| 553.3] 565.3 551[f 5975 564.0
Oberlin, OH 488.1| 547.8 561.1 5462 5956 559.7
Oconto, WI 4485 508.2 521.3 5062 5515 5184
Owosso, MI 444.8| 502.3 516.1 5011 5518 514.4
Pine River, MN 452.8| 506.5 515.2 5013 537.1 509.4
Portage, WI 490.6| 548.2 560.1 545|8 584.6 55b.6
South Haven, Ml 446.7) 506.2 521p 5044 56%.2 519.7
Spooner, WI 4725 527.9 537.0 523|6 558.4 53[1.4
Sault Ste Marie, MI|  400.9] 452.5 4656 4523 503.765.9
Two Harbors, MN 450.3| 506.3 515.F 503}]4 536.6 51R.0
Viroqua, WI 483.8| 540.0f 550.6 536.0 572|3 54355
Wooster, OH 508.2| 568.1 579.6 5666 608.0 578.2
Warren, PA 506.6| 557.C 565.2 5556 588.3 563.8
Watertown, NU 446.0{ 500.9 513.y 5004 549.6 513.3
Wauseon, OH 482.2 5425 5555 540.6 587.6 553.3

Table 9: Average Annual Simulated Evapotranspirafitam), 1979-2008, by soil texture.
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Station Corn Forest Pasturddrban | Wheat

Ann Arbor, Ml 369.5| 353.9/ 335.1 116.1 4122
Angelica, NY 390.2| 430.7, 359.0 127.8 4428
Aurora, IL 324.2| 3715 306.5 76.0 376/5
Big Rapids, Ml 339.3| 358.8 317.8 95.7 381.2
Cheboygan, Ml 253.7) 265.6 233.0 69.9 288.6
Clinton, IA 2549 | 260.7| 214.4 47.8 3047
Coldwater, Ml 348.0| 343.2 333.0 91.6 3950
Delphi, IN 338.6 | 341.4| 295.6 82.9 3980
Dixon, IL 310.3 | 334.5| 295.8 60.8 364.6
Fond du Lac, WI 208.2] 180.2 180.1 35.p 237.9
Farmington, MN 203.6/ 201.9 180.8 28.3 240.0
Fayette, IA 295.7| 350.7 300.2 52.7 351.7
Iron Mountain, Ml | 246.3| 227.8 173.1 39.4 242\8
Ironwood, Ml 311.8| 358.0, 333.( 82.( 355|7
Norwalk, OH 359.6| 360.6] 329.4 99.9 4109
Oberlin, OH 363.9| 3525 333.6 10555 416.3
Oconto, WI 260.1| 286.3 229.5 56.0 297.4
Owosso, Ml 280.7| 298.0 254.8 69.5 311.4
Pine River, MN 174.4) 179.8 169.8 20.4 203.4
Portage, WI 281.6| 326.7 270.0 52.9 330.4
South Haven, Ml 354.3 370.1 338/0 107.2 392.1
Spooner, WI 206.2] 226.1 177.0 28.p 248.0
Sault Ste Marie, Ml 330.4 | 345.9| 340.66 123.3 3764
Two Harbors, MN | 230.2| 225.3 230.83 48.5 263.2
Viroqua, WI 258.0| 275.8) 252.1 44.6 303|5
Wooster, OH 390.3] 393.C 3746 110{1 451.6
Warren, PA 553.2| 608.3 557.6 2117 619.4
Watertown, NU 481.8| 5494 501.2 182(8 531.3

Wauseon, OH 305.1 289.8 272)9 71/8 348.7
Table 10: Average Annual Simulated Drainage (mrAy,2t2008, by land cover.
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Station S SL L SiL SiCL CL
Ann Arbor, Ml 394.1 336.1 313.9 312.9 255,8 291.2
Angelica, NY 414.7 367.0 347.7 342.6 3058 322.9
Aurora, IL 366.9 310.2 286.2 282.5 235/1 264.9
Big Rapids, Ml 373.4| 315.2 294.1 293.2 243.4 272.1
Cheboygan, Mi 289.3 232.8 215.8 219|5 1754  200.1
Clinton, 1A 288.0 230.0 209.0 209.9 167.0 195.1
Coldwater, Mi 378.7 320.7 297.7 295.8 2448 275.2
Delphi, IN 371.4| 309.9 286.1 282.4 2337 264.2
Dixon, IL 348.1 290.4 266.8 264.1 2223 247.6
Fond du Lac, WI 235.3 178.4 160.8 163(5 122.0 150.3
Farmington, MN 233.6 179.5 162.9 163/6 131.8 1538.6
Fayette, IA 338.8 285.6 264.2 259/1 226.3 247.2
Iron Mountain, MI | 245.4 195.4 178.9 182.4 1458  .B6T
I[ronwood, Ml 354.9 301.4 285.3 282.b 245/0 259.4
Norwalk, OH 386.5 329.9 308.2 305.p 256[1 286.5
Oberlin, OH 391.0 332.8 309.9 309.3 2556 287.7
Oconto, WI 295.0 239.2 219.1 220.6 178.8 202.5
Owosso, Ml 314.2 257.6 237.7 239)0 187.6 220.5
Pine River, MN 206.5 155.8 142.3 1452 113.8 138.7
Portage, WI 322.0 267.7 245.9 243|0 208.7 228.8
South Haven, Ml 393.4 337.2 311.1 308,19 239.4 284.0
Spooner, WI 236.4 186.0 168.1 169|3 139.6 159.5
Sault Ste Marie, MI|  374.2 320.8 303.[1 3019 244.2 75.@
Two Harbors, MN 263.2 210.3 192.7 191/6 159.7 179.5
Viroqua, WI 293.6 241.1 220.2 218.b 182/0 208.4
Wooster, OH 421.0 363.4 340.4 334}9 2817.8 315.9
Warren, PA 584.8 531.6 511.7 499/8 454.8 477.2
Watertown, NU 527.3| 468.4 448.7 44419 391.7 414.6
Wauseon, OH 332.2 275.1 25211 251.2 202.0 233.4

Table 11: Average Annual Simulated Drainage (mr@y,2t2008, by soil type.
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Station Corn Forest| Pasture  Urbah Whédat
Ann Arbor, Ml 70.5 1.2 8.2 305.2 53.1
Angelica, NY 92.6 1.9 14.7 342.2 70.1
Aurora, IL 115.1 6.0 22.0 355.6 93.6
Big Rapids, Ml 94.6 4.4 16.4 326.1 75.3
Cheboygan, Ml 68.6 1.7 11.4 255.1 51.9
Clinton, IA 86.7 25 11.0 299.2 67.9
Coldwater, Ml 90.7 3.2 14.7 332.2 69.9
Delphi, IN 99.4 2.2 12.9 354.9 77.9
Dixon, IL 120.3 4.6 20.9 363.2 94.5
Fond du Lac, WI 66.5 1.0 8.2 245.0 50.4
Farmington, MN 75.8 1.9 8.5 262.3 59.3
Fayette, IA 121.5 5.7 19.5 362.4 96.6
Iron Mountain, Ml 71.5 2.2 10.0 240.7 51.4
Ironwood, Ml 111.0 6.1 26.8 332.3 85.2
Norwalk, OH 81.6 1.6 8.9 326.0 61.8
Oberlin, OH 78.3 1.1 9.0 318.8 60.3
Oconto, WI 86.7 2.6 13.1 289.0 66.9
Owosso, Ml 61.9 1.0 7.4 261.2 a47.7
Pine River, MN 65.8 1.6 9.0 227.4 47.7
Portage, WI 107.6 6.5 21.8 334.5 88.6
South Haven, Ml 86.0 6.1 17.6 317.1 67.1
Spooner, WI 74.1 1.9 8.4 260.7 56.9
Sault Ste Marie, Ml  75.7 4.0 15.9 290.2 57.0
Two Harbors, MN 70.1 1.2 10.6 267.9 51.2
Viroqua, WI 101.1 6.9 18.4 317.0 80.8
Wooster, OH 88.8 1.7 9.1 351.8 67.0
Warren, PA 114.5 2.9 17.6 436.2 84.4
Watertown, NU 127.6 7.2 29.4 409.1 99.1
Wauseon, OH 73.8 0.5 6.9 297.4 56.4

Table 12: Average Annual Simulated Runoff (mm), 2-2D08, by land cover.

66



Station S SL L SiL SiCL CL
Ann Arbor, Mi 72.2 72.3 80.6 96.7 100.2  103|9
Angelica, NY 86.9 88.3 98.8 113.6 1145 1237
Aurora, IL 102.7| 100.2| 112.Z 130.1 130{5 135.1
Big Rapids, Ml 89.7 90.3 97.4 112y 110{1 1201
Cheboygan, Ml 68.2 69.5 73.2 84.6 79.9 91,0
Clinton, IA 81.1 79.0 87.9 103.8 1016 107/,5
Coldwater, Ml 85.8 85.3 95.5 111.8 114/]9 1195
Delphi, IN 91.7 90.0 102.0 121.4 1238 127.7
Dixon, IL 1049 | 1029 1144 132.1 1315 1382
Fond du Lac, WI 65.7 64.5 70.0 82.7 784 84,2
Farmington, MN 71.8 69.6 77.0 90.4 88.0 92|16
Fayette, IA 104.2| 102.9 1154 1327 1342 13}7.5
Iron Mountain, Ml 66.8 67.0 71.4 81.5 77.4 86.8
Ironwood, Mi 97.7 100.0{ 105.5 119.4 118/]9 132.2
Norwalk, OH 80.0 79.4 89.2 105.9 109/0 112.3
Oberlin, OH 77.9 77.5 86.8 102.F  105|7 110.4
Oconto, WI 81.0 79.4 86.5 99.9 97.4 105.9
Owosso, Ml 64.3 64.4 70.3 84.1 83.0 88/9
Pine River, MN 63.4 61.2 66.2 77.1 73.2 80(7
Portage, WI 96.8 95.6 106.1 122(7 1219 12yY.5
South Haven, Ml 81.0 78.9 90.1 1085 1164.3 117.8
Spooner, WI 71.6 68.4 76.4 89.2 85.3 91(3
Sault Ste Marie, Ml 72.2 74.7 80.7 94.9 101.0 107.6
Two Harbors, MN 69.3 67.2 75.5 88.9 87.7 925
Viroqua, WI 90.6 88.8 99.5 1146 1162 1194
Wooster, OH 85.0 84.3 96.0 1147 1201 122.1
Warren, PA 104.4| 108.9 120.F 142|2 154.2 156.5
Watertown, NU 113.3] 119.C 1250  142|8 146.0 158.8
Wauseon, OH 73.2 71.1 81.0 96.9 98]0 101.7

Table 13: Average Annual Simulated Runoff (mm), 9-2D08, by soil texture.
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. . SL, L,| Relative Relative
%'t'mf"‘te Soil Al g1 g | L | siL|sicl cL | and | STDEV | SIPEV
ation| Attribute | Soils SiL | All Soils SIS_i,LL,
- ET [0.34]0.30 [0.32'|0.32'|0.34 | 0.39 |0.36 | 0.33"| 896 | 3.18
§§ PERC (1187 1.21°|1.22° | 1.2 |1.16’ | 1.15°| 1.12° | 1.19°| 348 | 282
c© | REVAP 001 0.00| 0.00] 001 001 001 001 0p1 3689 2754
< | surQ | 018 0.12] 0.14| 0.1 019028 | 022 0.16] 2857| 17.76
B ET |-0.06 -0.05|-0.06]-0.07|-0.07| -0.01| -0.08] -0.07| 4471 | 2.72
= | PERC |-0.06-0.09|-0.05|-0.06|-0.06| -0.06] -0.06| -0.06| 23.43 | 7.95
£ [REVAP|0.00 0.00| 0.00] 004 000 000 000 0.0 23348 196.16
© [ surQ [-0.12-0.10]-0.12]-0.11]-0.12[ -0.12| -0.12] -0.12] 757 | 745
g ET |0.26] 0.21|0.26 |0.26'|0.27 |0.26°[0.27 | 0.26'| 9.25 | 1.15
€~ | PERC |0.97°1.03°|0.98’|0.92°|0.86°| 0.89° | 0.87' |0.92°| 7.22 | 6.53
§§ REVAP (0.020.02'| 0.02' [ 0.02'| 0.02" | 0.0 | 0.02' [0.02'| 13.40 | 4.38
= SURQ [0.24]0.18' | 0.16 | 0.2F | 0.26" | 0.28 | 0.2¢ | 0.2F | 20.09 | 18.39
s ET |-0.19-0.22|-0.24] -0.19] -0.20[ -0.10| -0.17| -0.21| 25.68 | 12.36
g | PERC | 0.01-0.01] 0.04 002 003 -000.02| 0.03| 16957 3895
S | REVAP|0.00-001] 0,00 0.00] 0.00 0.00 000 040 279.64 2893
> | sUrRQ |-0.02-0.01]-0.03]-0.01]-0.02] -0.01]-0.02[ -0.02| 53.78 | 44.95
- ET |002 001] 0.02] 001 002 005 001 002 8937 2065
. | Perc oo 0.0 |0.96'] 0.93 |08F |0.85 | 0.86 |0.94 | 548 | 544
22 | RevAP [0.00 0.00| 0.00] 0.0d 000 00D 040 0.00 5344  30.00
= [ SuRQ | 018 012| 0.11] 013 015020 | 017| 014 2280 16.26

Table 14: Rate of change (mm/year) of yearly sthilkaites, selected climate stations,
comparison of soil textures0.95 confidence,0.99 confidence3,0.999 confidence
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Climate Station| Change in Precipitation (mm / year)
Ann Arbor, Ml 1.683
Clinton, 1A -0.34
Two Harbors, MN 1,503
Viroqua, WI -0.20
Watertown, NY 1.222

Table 15: Change in annual Precipitation trends fjrear) for selected climate stations:
1900-2008.10.95 confidence2,0.99 confidence3,0.999 confidence.

Station Land . Drainage Runoff
Name Cover ET ET Slope| Drainage Slopeg Runoff Slope
o Corn 512.90 0.31 361.53 1.24 70.90 0.14
§ Forest 586.53 0.25 358.00 1.27) 0.77 0.00
<s Pasture 598.84 0.50 | 338.78 1.22 7.70 0.01
= Urban 528.04 0.38 133.32 0.81 283.51 0.56
< Wheat 478.78 0.19 413.32 1.42| 53.22 0.12
< Corn 537.80 -0.01 245.71 -0.07 87.64 -0.17
;. Forest 605.35 -0.17 263.77 0.08 2.19 0.00
o Pasture 643.53 -0.09 216.5% -0.26 10.85 -0.0
= Urban 540.55 0.05 49.37 -0.01 282.57 -0.2y7
© Wheat 497.06 -0.11 306.07 -0.02 67.97 -0.18
pd Corn 492.43 0.24 221.12 0.97 70.60 0.25
o 2 Forest 558.32 0.27 224.65 1.14| 0.91 0.00
E g Pasture 543.61 0.21 230.19 1.26 10.17 0.04
< Urban 478.58 0.40 51.75 0.22 252.90 0.65
T Wheat 469.38 0.20 263.29 1.00 51.47 0.18
X Corn 519.21 -0.10 249.32 -0.08 100.88 0.00
s Forest 587.40 -0.38 277.74 0.23 5.74 0.00
8= Pasture 599.30 -0.40 254.59 0.15 17.00 0.00
'§ Urban 522.49 -0.05 46.04 -0.04 301.31 -0.09
Wheat 484.03 -0.12 305.42 -0.09 79.77 -0.01
= Corn 485.54 0.05 473.33 0.96| 129.11 0.14
% Forest 530.37 0.05 553.04 1.07| 5.25 0.00
5 E Pasture 554.04 -0.10 506.4% 1.10 27.97 0.05
IS Urban 498.06 0.06 205.53 0.61| 384.29 0.38
= Wheat 456.69 0.02 531.84 0.94| 99.56 0.11

Table 16: 30-year average (1979-2008) annual hgdyovariables (mm) and associated rate of
change (mm/year) by land cover for selected station
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Station | Land |00V SN Siopa DOY Min | DoY Min | Min SW | Min Sw
Name Cover Discharge SW SW Slope| (mm) Slope
B Corn 433 -0.10 188.2 -0.11] 72.0 0.09
3 Forest 43.9 -0.18 | 210.0 0.00 35.8 0.03
<s Pasture 45.3 -0.10 218.6 -0.11 33.7 0.03
g Urban 44.6 -0.18 | 2425 0.01 45.9 0.04
< Wheat 45.4 -0.06 180.3 0.02 129.4 0.17
< Corn 45.9 -0.05 | 1423 -0.04 80.1 -0.04
= Forest 54.5 -0.03 155.4 0.00 41.1 -0.02
S Pasture 50.6 -0.08 170.1 0.04 40.4 0.02
£ Urban 59.7 -0.04 182.5 -0.01 39.5 -0.01
© Wheat 46.1 -0.08 139.7 -0.04 124.2 0.05
z Corn 52.9 -0.10 181.8 0.00 54.4 0.04
o= Forest 59.9 -0.05 184.9 -0.04 43.9 0.03
B S Pasture 52.3 -0.14| 184.4 -0.04 80.4 0.20
] Urban 64.4 -0.12 182.6 -0.02 62.8 0.04
T Wheat 50.5 -0.03 132.6 0.00 88.7 0.16
] Corn 54.9 0.01 157.1 0.00 72.3 -0.18
< Forest 65.9 0.07 167.8 -0.08 47.8 0.00
S= Pasture 61.9 0.08 | 179.1 -0.01 44.9 0.00
< Urban 74.6 0.10 190.4 0.04 58.0 0.03
Wheat 55.2 0.02 132.9 0.01 121.3 0.03
c Corn 48.0 -0.04 159.2 0.00 63.7 -0.06
2 Forest 46.3 -0.07 166.4 0.00 37.9 -0.02
5 Pasture 46.9 -0.07 177.5 -0.02 35.6 -0.01L
3 Urban 46.2 -0.06 179.7 -0.07 57.5 -0.01
= Wheat 45.6 -0.08 134.6 0.01 117.3 -0.02

Table 17a: 30-year average (1979-2008) inter-anmydrology variables and associated rate of
change by land cover for selected stations.
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1%

. Field Field
SI’\'::UH?Q (I:‘gcgr Rlzrc]:ﬁ:;fge EoD Slope Capacity | Capacity
Days |Days Slopg
- Corn 305.7 -0.16 318.8 0.18
3 Forest | 430.6 -0.19 279.6 0.27
<s Pasture 458.7 -0.18 280.7 0.17
g Urban 412.1 -0.08 265.3 0.33
< Wheat 490.2 -0.12 340.1 0.13
< Corn 309.0 0.03 319.3 0.01
;. Forest 334.8 0.11 281.4 -0.03
S Pasture 343.1 0.08 277.6 -0.03
= Urban 396.0 0.00 248.3 -0.02
© Wheat | 2947 0.00 334.3 0.00
prd Corn 322.7 -0.09 319.7 0.14
— Forest 340.0 -0.15 295.4 0.19
B 9 Pasture 324.9 -0.08 317.5 0.33
5 Urban 383.0 -0.01 | 2735 0.36

L Wheat 288.4 -0.10 329.7 0.17

] Corn 295.9 0.01 323.9 -0.03
s Forest 314.9 0.01 296.5 0.03
8= Pasture 328.9 0.12 294.5 -0.05
< Urban 394.3 0.00 254.6 -0.15
Wheat 280.1 0.00 337.3 0.01

c Corn 298.3 -0.05 317.8 0.02
2 Forest 298.0 -0.16 297.0 0.11
5 Pasture 309.0 -0.15 292.1 0.12
3 Urban 341.8 -0.11 285.6 0.11
= Wheat 280.2 0.01 337.7 0.02

Table 17b: 30-year average (1979-2008) inter-anny@iology variables and associated rate of

change by land cover for selected stations.
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Climate ET trends a_veragET trends foraver_age
Station Land Cover of all soils of SL, L, and SiL
(mm/year) (mm/year)
< Corn 0.30" 0.3
s Forest 0.25 0.25
2 Pasture 0.471 0.501
<
= Urban 0.48 0.38"
< Wheat 0.19 0.19
< Corn 0.01 -0.01
;. Forest -0.15 -0.17
] Pasture -0.08 -0.09
-CE) Urban 0.05 0.05
Wheat -0.10 -0.11
= Corn 0.27 0.24
5 Forest 0.24 0.27
= Pasture 0.21 0.21
I Urban 04T 0.40°
£ Wheat 0.20 0.20
= Corn -0.07 -0.10
i Forest -0.37 -0.38
=3 Pasture -0.35 -0.40
2 Urban -0.05 -0.05
> Wheat -0.10 -0.12
= Corn 0.04 0.05
2 Forest 0.05 0.05
Tz Pasture -0.08 -0.10
g Urban 0.07 0.06
Wheat 0.02 0.02

Table 18: Slopes of annual evapotranspiration sedifferent land covers of selected stations

(mm/year).10.95 confidence2,0.99 confidence?,’o.999 confidence
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Climate Percolation trend$ercolation trends f(
) Land Cover for all soils SL, L, and SiL
Station
(mml/year) (mml/year)
= Corn 1.27’5 1.243
- Forest 133 1.27
o
;E: Pasture 1.253 1.223
E Urban 0.60° 0.81°
Wheat 1.433 1.423
< Corn -0.08 -0.07
;. Forest 0.07 0.08
S Pasture -0.25 -0.26
g Urban -0.01 -0.01
Wheat -0.03 -0.02
e Corn 0.993 0.97’5
=
= Forest 115 114
= Pasture 1.25° 1.26°
L 3 3
o Urban 0.21 0.22
E 3 3
Wheat 1.01 1.00
§ Corn -0.10 -0.08
< Forest 0.20 0.23
= Pasture 0.12 0.15
Q Urban -0.04 -0.04
> Wheat -0.11 -0.09
E Corn 0.933 0.963
= Forest 1.06 1.07
g Pasture 1.08 110
§ Urban 054 061
Wheat 0.92 0.94

Table 19: Slopes of annual percolation trendsecgfiit land covers of selected stations
(mm/year).10.95 confidence2,0.99 confidence3,0.999 confidence
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Climate Water return _ Water return trer_1ds
Station Land Cover |trends for all soil$ for SL, L, and SiL
(mm/year) (mm/year)
S Corn 0.002 0.003
s Forest 0.001 -0.003
2 Pasture -0.002 -0.004
; Urban 0.008 0.009
< Wheat 0.021 0.021
< Corn -0.002 -0.004
Z_ Forest -0.007 -0.008
S Pasture -0.000 0.002
-CE) Urban 0.002 0.003
Wheat 0.004 0.004
é Corn 0.016 0.016
5 Forest 0.0251 0.023;L
o]
] Pasture 0.023 0.023
L T
o Urban 0.01¢ 0.011
= Wheat 0.021 0.020
= Corn 0.001 0.002
i Forest 0.006 0.008
=2 Pasture 0.005 0.006
o Urban 0.001 0.001
> Wheat -0.007 -0.006
= Corn -0.001 -0.000
2 Forest -0.004 -0.005
5% Pasture -0.002 -0.002
g Urban -0.001 -0.002
Wheat -0.005 -0.005

Table 20: Slopes of annual water return trend$gmdiht land covers of selected stations.
(mm/year).10.95 confidence2,0.99 confidence3,0.999 confidence
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CIim_ate Land Cover All soils SL, L, and SiL
Station (mm/year) (mm/year)
s Corn 0.14 0.14
s Forest 0.00 0.00
o Pasture 0.01 0.01
< Urban 0.63 0.56
< Wheat 0.12 0.12
< Corn -0.16 -0.17
;. Forest 0.00 0.00
] Pasture -0.01 -0.01
-CE) Urban -0.28 -0.27

Wheat -0.12 -0.13
é Corn 028 0.25
ol Forest 0.00 0.00
% Pasture 0.04 0.04
s Urban 0.7¢ 0.65
= Wheat 019" 0.18
— Corn 0.01 0.00
i Forest o,oo1 0.00
=> Pasture 0.00 0.00
.%’ Urban 0.10 -0.09

Wheat 0.01 -0.01
= Corn 0.15 0.14
c Forest 0.00 0.00
3 Pasture 0.05 0.05
% Urban 0.42 0.3¢"
= Wheat 0.12 0.11

Table 21: Slopes of Annual Runoff trends, differkamd covers of selected stations (mm/year).

10.95 confidence2,0.99 confidenceS:O.999 confidence
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5 5 [} U > —Q >
s | o5 | 52 | 295 |55E|E5RE_|248| 52| vfo
== = > C CES | ~EZ|EZo0ElckgD| =8 28
= = © O e | 8SE=Z|E=EE Qx E I L 80

owm -1 0 n.L n 3. N=58 |=70 o =, o o L

a | o SRIE3T |« x o
= Corr 52.63 -0.65 194.¢5 52.€6 1.07 325.42 29860
o Fores 60.59 -1.06 201.3: 26.33 1.C9 360.2¢ 247.09
<s Pastur 56.0¢ -0.¢7 224.6¢ 25.714 1.14 356.(3 258.44
= Urbar 64.0¢4 -0.€6 246.4. 32.9] 0.98 409.7. 225.9:
< Whea 60.59 -1.C6 201.3: 26.33 1.C9 360.2¢ 326.58
< Corr 48.6¢ -0.79 182.3¢ 80.7i 1.22 28890 321.0¢
= Fores 54.23 -1.0C 192.19 30.92 1.24 314.©2 286.7:
e Pastur 56.5¢ -1.C4 208.46 27.(5 1.32 330.3: 283.2(
= Urbar 66.61 -0.8< 24140 35.1( 0.99 404.¢7 24920
O Whea 50.9( -0.54 168.4 121.2 1.C3 268.8¢ 337.2¢
g Corr 68.5¢ -0.8< 222.€7 50.17 1.65 321.3¢ 310.3¢
o4 Fores 71.1C -0.9¢ 234.4¢ 31.3¢ 1.2¢ 353.2! 279.3¢
E o Pastur 72.5¢ -0.77¢ 238.4: 67.5¢ 1.C8 328.09 292.4¢
'(_85 Urbar 84.€8 -0.84 240.8( 56.E1 0.82 412.5 237.6¢
T Whea 62.7¢ -1.17 161.7¢ 77.17 1.C7 285.22 316.11
g Corr 53.9¢ -0.74 194.3: 86.2C 1.5¢ 294.1: 326.9;
< Fores 5463 -0.90 209.1¢ 32.7 1.8 313.5( 292.76
> Pastur 54.€1 -0.90 225.865 32.25 1.7¢ 321.(8 292.¢7
o Urbar 71.5¢ -0.€1 241.4( 47.01 0.87 412.€7 261.8¢
> Whea 53.7¢ -0.73 147.56 121.9¢ 0.84 271.8: 338.3¢
‘é Corr 51.26 -0.8¢ 196.0( 58.8C 1.4C 297.6¢ 314.76
IS Fores 52.11 -0.9¢ 206.16 30.79 1.5t 313.0¢ 286.5¢
o E Pastur 52.3¢ -0.92 226.71 29.8¢ 1.7% 321.¢5 277.8¢
IS Urbar 52.3i -0.72 243.7¢ 47.19 1.28 347.29 272.3:
= Whea 53.2( -0.€5 153.9: 123.9¢ 0.71 267.0: 338.1¢

Table 22: Intercepts of regression trends of latemual soil moisture variables, different land ecsvaf selected stations. Average of
SL, L, SiL saill type.lWhen this value is above 365, it means that thiearge date is in the next year.
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0] O = w X = = | w ) O = =
g5 | & | 528|122, 558853282, 8 5585508
== L e ST SLESHES IR LT | 2835
= 'g @8>\ 801\>C5_E=>_E=EE$D:§/Q’@8>\ L ca >
o0 & |Pad g EPS3953<Ex E |Pxd| O S
. Corn -0.10 050 | 017 | 0.09 210 | -0.16 0.18
| Forest | 0.1 0.94 0.00 0.03 354| -0.19 0.27
£ | Pastre| -0.10 0.19 0.11 0.03 285 018 0.17
c Urban | 018 | 1.02 0.01 0.04 0.94| -0.08 0.33
< | Wheat| 006 | 195 | 002 | 017 | -003 | 012 0.13
- Comn 0.05 | -025 | -0.04 -0.04 0.45| 003 0.01
~ | Forest | -0.03 20.32 0.00 20.02 021 oah 20.03
S [ Pasture| -0.08 0.77 0.04 0.02 0.37 0.ds 20.07
£ Urban | -0.04 012 | -0.01 -0.01 0.13 0.0 20.02
Wheat | -0.08 0.45 -0.04 0.05 647  0.0p 0.00
p Comn 20.10 0.59 0.00 0.04 072 -0.00 0.14
S Forest | -0.05 0.41 -0.04 0.03 142 015 0.19
§Z | Pasture| 014 | 128 | 004 | 020 142 | -0.08 0.33
] Urban | -0.12 0.86 -0.02 0.04 0.18 -0.01 0.36
= Wheat | -0.03 2.28 0.00 0.16 039  -0.10 0.17
_ Comn 0.01 -1.26 0.00 -0.18 2054 001 -0.03
= [ Forest | 007 1.86| -0.08 0.00 124 oo 0.03
S | pasture| o0o0d | -046 | -0.01 0.00 464| 012 -0.05
.‘;3 Urban 0.10 059 | 0.04 0.03 0.20 0.00 -0.15
Wheat | 0.02 0.38 0.01 0.03 204 000 0.01
- Comn -0.04 -0.25 0.00 -0.06 204 -0.05 0.02
S Forest | -0.07 0.32 0.00 -0.02 203  -0.16 0.11
£ | Pasture| -0.07 0.50 20.02 20.01 273 015 0.12
§ Urban | -0.06 0.06 -0.07 -0.01 134 -0.41 0.11
Wheat | -0.08 0.47 0.01 20.02 154 0.0l 0.02

Table 23: Slopes of trends of Inter-annual soilshoke variables, different land covers of

selected stations. Average of SL, L, SiL soill ty}c(e95 confidence2,0.99 confidenceS:O.999
confidence
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séleg 2 |85 5 | 25|08| 5| ¢

=g | 38| o |33 5 |08 23|03 >
- Corr | 128 | 117 | 111 1.1€ | 1.31 | 1.1F 1.1¢
B! Fores | 1.27 | 1.3¢ | 1.3¢ 1.3¢ | 1.7 | 1.41 1.41
<S [Pastur| 1.2¢ | 1.2¢ | 1.37 1.31 | 1.8¢ | 1.41 1.47
= Urbar | 1.27 1.5¢ 1.9C 1.9 | 251 | 2.21 1.8¢
< Whea | 1.7z | 1.68 | 1.5¢ 1.6C | 1.61 | 1.57 1.67
< Corr | 1.3¢ | 131 | 1.37 1.31 | 1.38 | 1.3¢ 1.37
~ | Fores | 1.3t | 157 | 1.5¢ 1.5¢ | 1.9 | 1.61 1.6C
S |Pastur| 1.4¢ | 1.5% | 1.6¢ 1.51 | 2.0C | 1.6C 1.6°
S [ Urbar [ 1.3¢ | 1.74 | 2.0C 221 | 3.0C | 2.47 2.1°
O [Whea| 1.8 1.8C 1.7¢ 1.82 1.7¢ 1.8C 1.7¢
S [ Corr [ 151 | 1.6C | 1.5¢ 157 | 1.74 | 1.5¢ 1.6C
o o | Fores | 1.7¢ [ 1.7¢ | 1.87 1.81 | 2.48 | 1.91 1.97
S 5 [Pastur| 1.8 | 2.0€ [ 2.07 2.0 | 2.3¢ | 2.1F 2.0¢
= [Urbar | 184 | 2.3; [ 2.3¢ 254 | 3.02 | 2.8¢ 2.5C
T | Whea | 1.5¢ | 1.47 | 1.47 1.4 | 1.4¢ | 1.47 1.4¢
= Corr | 1.4C | 1.3¢ | 1.37 1.3¢ | 1.4€ | 1.37 1.3¢
< | Fores| 151 | 1.7C | 1.8C 1.72 | 2.0¢ | 1.7¢ 1.77
S |Pastur| 1.4€ [ 1.5C | 1.5 1.5C | 1.7¢ | 1.57 1.5F
© | Urbar | 1.64 | 2.04 | 2.4z 251 | 282 | 262 2.3t
S | Whea| 1.6 | 1.66 | 1.5¢ 1.61 | 1.7C | 1.6F 1.64
c Corr | 1.4z | 127 | 1.1¢€ 1.2¢ | 1.1 | 1.1¢ 1.2F
3. |Fores| 1.6 | 1.38 | 1.3z | 1.3¢ | 1.27 | 1.31 | 1.37
$ 2 [Pastur| 157 | 1.37 | 1.2¢ 1.2¢ | 1.1¢ | 1.2¢ 1.31
T Urbar | 1.3¢ | 1.2¢ | 1.17 1.27 | 196 | 1.37 1.4C
= Whea | 1.8¢ | 1.64 | 15: 1.6: | 1.5F 1.6 1.6°

*

Average] 1.5¢ 1.57 1.6C 1.65 1.8¢ 1.6¢
Table 24: Temporal Scale, in months, of plant adé soil moisture. Selected stations. All soild &md covers.
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Station Average Maximum Minimum
Temperature| Temperature| Temperature
Ann Arbor, Mi 0.013 0.012 0.014
Angelica, NY -0.005 -0.008 -0.003
Aurora, IL 0.006 0.004 0.007
Big Rapids, Ml 0.002 0.007 -0.003
Cheboygan, Ml 0.001 -0.008 0.009
Clinton, IA 0.006 -0.001 0.013
Coldwater, Ml -0.007 -0.014 -0.001
Delphi, IN 0.004 -0.004 0.014
Dixon, IL -0.002 -0.007 0.004
Fond du Lac, WI 0.001 -0.011 0.014
Farmington, MN 0.011 0.005 0.017
Fayette, IA -0.001 -0.002 -0.002
Iron Mountain, Ml 0.001 0.005 -0.002
Ironwood, MI -0.004 -0.002 -0.008
Norwalk, OH -0.004 -0.014 0.007
Oberlin, OH -0.003 -0.006 0.003
Oconto, WI -0.004 -0.002 -0.005
Owosso, Ml -0.005 -0.011 0.002
Pine River, MN 0.015 0.013 0.016
Portage, WI -0.004 -0.001 -0.004
South Haven, Ml 0.015 0.008 0.022
Spooner, WI 0.013 0.012 0.014
Sault Ste Marie, M 0.004 0.011 -0.002
Two Harbors, MN 0.007 -0.004 0.020
Viroqua, WI -0.005 0.000 -0.009
Wooster, OH -0.004 -0.014 0.007
Warren, PA 0.004 0.000 0.009
Watertown, NU 0.000 -0.002 0.003
Wauseon, OH 0.002 0.000 0.005
Spearmaris 0.02 0.04 0.08
Spearmanzs 0.31 2.0e-5 6.7e-7
Spearman33 1.4e-3 5.8e-4 0.03
Spearman4s 0.39 0.75 0.16
Spearman55 0.93 0.39 0.76
Spearman65 0.18 0.06 0.44
Spearman75 0.73 0.98 0.25

Table 25: Rate of Change of Yearly Average Tempeest(C / year). Spearmanslevel of
significancelRate of Change of the Beginning Date of Dischafdieobservation stations.
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2Rate of Change of Discharge Raeiﬁate of Change of Day of Minimum Soil Moistu?&ate
of Change of Minimum Soil MoisturgRate of Change of Recharge RaGléate of Change of
Day of End of RecharggRate of Change of Field Capacity Days.
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Station Precipitation Silg_;(ral\i?iaclsr]:ce
Ann Arbor, M| 1.68 Spearmans |  0.037
Angelica, NY 0.82 Spearmarts |  5.2e-5
Aurora, IL 1.14 Spearmans |  0.410
Big Rapids, M| 1.12 Spearmans |  2.5e-4
Cheboygan, Mi 0.68 Spearman 0.033
Clinton, 1A -0.34 Spearman6s 1.5e-3
Coldwater, M 1.15 Spearmans |  1.8e-4
Delphi, IN 0.28
Dixon, IL 1.20
Fond du Lac, WI -0.28
Farmington, MN 0.88
Fayette, |IA 1.00
Iron Mountain, Ml 0.13
Ironwood, Ml 0.58
Norwalk, OH 0.70
Oberlin, OH 0.53
Oconto, WI -0.25
Owosso, Ml 0.75
Pine River, MN 0.97
Portage, WI 1.19
South Haven, Mi 0.71
Spooner, WI 0.37
Sault Ste Marie, Ml  1.74
Two Harbors, MN 1.50
Viroqua, WI -0.20
Wooster, OH 1.31
Warren, PA 1.22
Watertown, NY 0.87
Wauseon, OH -0.20

Table 26: Rate of Change of Yearly Precipitatiom{nyear). Spearmanglevel of significance
1Rate of Change of the Beginning Date of Dischafdieobservation stationsZ.Rate of Change
of Discharge Rate3Rate of Change of Day of Minimum Soil Moistu?Rate of Change of
Minimum Soil Moisture.BRate of Change of Recharge Rastéate of Change of Day of End of
Recharge?Rate of Change of Field Capacity Days
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Figure 1: An idealized annual soil moisture curlievging relative levels of soil moisture, Evapotnairstion (ET), and Potential
Plant Moisture Stress (PMS). Taken from RoadsidesBetation: An Integrated Approach to Establisiiagive Planets. Chapter 5,
Figure 5.22. For interpretation of the referencesdlor in this and all other figures, the readereferred to the electronic version of

this thesis.
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Figure 2: Average Annual precipitatio'n' (mm)' fron7992008 _across the study region.
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Figure3: Average Annual Temperatures (F) from 1979-2008ss tuay region.
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Figure 4. Water Holding Capabilities of Soils bytigre. (Figure 5.9. As seen in Foth, 1990)
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Figure 5: Average Annual Evapotranspiration (mmmdarassland land cover on a loamy soil, 1979-2008
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Figure 6: Average Annual Runoff (mm) for a grasdléand cover on a loamy soil, 1979-2008.
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Figure 7: Average Annual Drainage (mm) for a grasglland cover on a loamy soil, 1979-2008.
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Figure 8: Example of an annual soil moisture cuh8%,9-2008, South Haven, MI. Corn land cover andrioil type.
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Figure 9: Average Date of Soil Moisture Dischargeraged across soil textures, Pasture Land Co9&8-2008.
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Figure 10a: Average Date of Minimum Soil Moistusgeraged across soil textures, Corn land cove9-29D8.
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Figure 10b: Average Date of Minimum Soil Moistusgeraged across soil textures, Wheat land cov&@-2908.
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Figure 11: Average Minimum Soil Moisture amountegged across soil textures, Wheat land cover,-2008.
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Figure 12: Average Date of Soil Moisture Rechaeyeraged across soil textures, Pasture land cb9@8-2008.
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Figure 13: Average Annual Soil Moisture Days, ageacross soils, Pasture land cover, 1979-2008.
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Figure 14: Trends in Temperature (C/year) acrosstidy area, 1900-2008.
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Figure 16: Center of Grids from Midwestern RegioGhmate Center.
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Figure 17: Map of Historical Climate Network Obsatien Sites used for this study.
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Figure 18a: Comparison of SWAT plant available smilisture to Observed plant available soil moistB@ndville, IL.
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Figure 31b: Comparison of SWAT plant available sadisture to Observed plant available soil moist@gampaign, IL.
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Figure 31c: Comparison of SWAT plant available sadisture to Observed plant available soil moistiigpeka, IL.
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Figure 19: Rate of Change: Precipitation (mm/y&860-2008. Contours are at 0.5 mm/year intervals.
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Figure 20: Rate of change of EvapotranspiratiorerAge of all soils, Corn land cover (mm/year), 22008. Contours are 0.1
mm/year.
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Figure 21: Rate of change of EvapotranspiratiorerAge of all soils, Forest land cover (mm/yearntBGors are 0.1 mm/year.
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Figure 22: Rate of change of EvapotranspiratiorerAge of all soils, Pasture land cover (mm/yeaont@urs are 0.1 mm/year.
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Figure 23: Rate of change of EvapotranspiratiorerAge of all soils, Urban land cover (mm/year). t6ars are 0.1 mm/year.
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Figure 24: Rate of change of EvapotranspiratiorerAge of all soils, Wheat land cover (mm/year).tGors are 0.1 mm/year.
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Figure 25: Rate of change of Percolation. Averdgalsoils, Corn land cover (mm/year). Contours @25 mm/year.
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Figure 26: Rate of change of Percolation. Averdga| ®oils, Forest land cover (mm/year). Contacanes 0.25 mm/year.
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Figure 27: Rate of change of Percolation. Averdgal®oils, Pasture land cover (mm/year). Contares0.25 mm/year.
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Figure 28: Rate of change of Percolation. Averdgdl®oils, Urban land cover (mm/year). Contouwes @.25 mm/year.
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Figure 29: Rate of change of Percolation. Averdgdl®oils, Wheat land cover (mm/year). Contoues @25 mm/year.
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High : 0.03

- Low : -0.03”

Figure 30: Rate of change, return of soil moistuven shallow aquifer. Average of all soils, Cormdiacover (mm/year). Contours are
0.01 mm/year.
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High : 0.03

- Low : -0.03”

Figure 31: Rate of change, return of soil moisfuwen shallow aquifer. Average of all soils, Forkstd cover (mm/year). Contours
are 0.01 mm/year.
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High : 0.03

- Low : -0.03”

Figure 32: Rate of change, return of soil moisfuven shallow aquifer. Average of all soils, Pastlaed cover (mm/year). Contours
are 0.01 mm/year.
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L High : 0.03

B Low: -0.03”

Figure 33: Rate of change, return of soil moistuven shallow aquifer. Average of all soils, Urbamdl cover (mm/year). Contours
are 0.01 mm/year.
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Figure 34: Rate of change, return of soil moistuwen shallow aquifer. Average of all soils, Wheatd cover (mm/year). Contours
are 0.01 mm/year.
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Figure 35: Rate of change, Runoff. Average of ailss Corn land cover (mm/year). Contours are O/year.
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— Low : -0.8

Figure 36: Rate of change, Runoff. Average of @ilss Pasture land cover (mm/year). Contours atartim/year.
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Figure 37: Rate of change, Runoff. Average of ailss Urban land cover (mm/year). Contours arerfm/year.
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L High : 0.8
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Figure 38: Rate of change, Runoff. Average of ailss Wheat land cover (mm/year). Contours arennd/year.
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Figure 39: Rate of change, Day of Year of the baigim of soil water discharge. Average of SL, L, &d. Corn land cover
(daysl/year). Contours are 0.1 days/year.
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Figure 40: Rate of change, Day of Year of the beigim of soil water discharge. Average of SL, L, &ld. Forest land cover
(days/year). Contours are 0.1 days/year.
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Figure 41: Rate of change, Day of Year of the baigig of soil water discharge. Average of SL, L, &id. Pasture land cover
(days/year). Contours are 0.1 days/year.
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Figure 42: Rate of change, Day of Year of the beigig of soil water discharge. Average of SL, L, &id. Urban land cover
(days/year). Contours are 0.1 days/year.
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Figure 43: Rate of change, Day of Year of the baigim of soil water discharge. Average of SL, L, &d. Wheat land cover
(daysl/year). Contours are 0.1 days/year.
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Figure 44: Rate of change, Rate of soil water disgé. Average of SL, L, and SiL. Corn land coyenf(days*year)). Contours are
um /(days/year).
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Figure 45: Rate of change, Rate of soil water disgh. Average of SL, L, and SiL. Forest land cquen/(days*year)). Contours are
um /(days/year).
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Figure 46: Rate of change, Rate of soil water disgh. Average of SL, L, and SiL. Pasture land c@wev(days*year)). Contours are
um /(days/year).
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Figure 47: Rate of change, Rate of soil water disgh. Average of SL, L, and SiL. Urban land coyen/(days*year)). Contours are
um /(days/year).
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Figure 48: Rate of change, Rate of soil water disgpd. Average of SL, L, and SiL. Wheat land cowen/(days*year)). Contours are
um /(days/year).
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Figure 49: Rate of change, Day of Year of Minimuail Moisture. Average of SL, L, and SiL. Corn lacaver, days/year. Contours
are 0.1 daysl/year.
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Figure 50: Rate of change, Day of Year of Minimuail Moisture. Average of SL, L, and SiL. Forestdacover, days/year. Contours
are 0.1 daysl/year.
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Figure 51: Rate of change, Day of Year of Minimuail #oisture. Average of SL, L, and SiL. Pasturedacover, days/year.
Contours are 0.1 days/year.
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Figure 52: Rate of change, Day of Year of Minimuail Moisture. Average of SL, L, and SiL. Urban lacalver, days/year. Contours
are 0.1 daysl/year.
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Figure 53: Rate of change, Day of Year of Minimuail Moisture. Average of SL, L, and SiL. Wheat lataver, days/year.
Contours are 0.1 days/year.
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Figure 54: Rate of change, Minimum Yearly Soil More value. Average of SL, L, and SiL, Corn lander mm/year. Contours are
0.1 mm/year.
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Figure 55: Rate of change, Minimum Yearly Soil More value. Average of SL, L, and SiL, Forest lander, mm/year. Contours
are 0.1 mm/year.
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Figure 56: Rate of change, Minimum Yearly Soil More value. Average of SL, L, and SiL, Wheat lander, mm/year. Contours
are 0.1 mm/year.
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Figure 57: Rate of change, Rate of soil water regghaAverage of SL, L, and SiL. Corn land covyan((days*year)). Contours are
um /(days/year).
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Figure 58: Rate of change, Rate of soil water regghaAverage of SL, L, and SiL. Forest land coyen/(days*year)). Contours are
um /(days/year).
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Figure 59: Rate of change, Rate of soil water regghaAverage of SL, L, and SiL. Pasture land cduer/(days*year)). Contours are
um /(days/year).
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Figure 60: Rate of change, Rate of soil water regghaAverage of SL, L, and SiL. Urban land coyen{(days*year)). Contours are
um /(days/year).
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Figure 61: Rate of change, Rate of soil water regghaAverage of SL, L, and SiL. Wheat land coyan{(days*year)). Contours are
um /(days/year).
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Figure 62: Rate of change, Day of Year of Rechafgmil moisture. Average of SL, L, and SiL. Coamdl cover, days/year.
Contours are 0.1 days/year.
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Figure 63: Rate of change, Day of Year of Rechafgmil moisture. Average of SL, L, and SiL. Forkestd cover, days/year.
Contours are 0.1 days/year.
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Figure 64: Rate of change, Day of Year of Rechafgmil moisture. Average of SL, L, and SiL. Pastland cover, days/year.
Contours are 0.1 days/year.
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Figure 65: Rate of change, Day of Year of Rechafgm®il moisture. Average of SL, L, and SiL. Urband cover, days/year.
Contours are 0.1 days/year.
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Figure 66: Rate of change, Day of Year of Rechafgm®il moisture. Average of SL, L, and SiL. Whé&atd cover, days/year.
Contours are 0.1 days/year.
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Figure 67: Rate of change, Soil Moisture Days. Agerof SL, L, and SiL. Urban land cover, (soil mwis days / days) / year.
Contours are 0.1 (soil moisture days / days) /.year
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Figure 68: Rate of change, Soil Moisture Days. Agerof SL, L, and SiL. Wheat land cover, (soil mwis days / days) / year.
Contours are 0.1 (soil moisture days / days) /.year
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Figure 69: Rate of change: Winter Precipitation (year) 1900-2008. Contours are at 0.25 mm/yeaniale
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Figure 70: Rate of change: Spring Precipitation (year) 1900-2008. Contours are at 0.25 mm/yeaniale

154



Figure 71: Rate of change: Summer Precipitation fyaar) 1900-2008. Contours are at 0.25 mm/yeanials.
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Figure 72: Rate of change: Fall Precipitation (meafy 1900-2008. Contours are at 0.25 mm/year iakerv
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